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ABSTRACT 
Investigation of Heat Exchanger Effectiveness Using a Surface Coating Technology 
Allen Duffy 
Diesel engine manufacturers continue to improve engine performance through increased 
thermal efficiency and reduced regulated emissions. The aftercooler located between the 
turbocharger air outlet and intake manifold experiences a wide range of operating conditions. 
Improving the heat transfer characteristics in the aftercooler can lead towards improved engine 
performance through increased charge air density. A surface coating has been proposed to 
enhance the heat transfer characteristics for a marine-based application on the water - side of 
the heat exchanger. To evaluate the efficacy of the coating, the rate of heat transfer with and 
without the coating was quantified in a controlled laboratory environment utilizing a bench rig 
and an engine dynamometer test setup. The benchtop test rig was developed to represent the 
real-world operation of the aftercooler.  Heat transfer rates were investigated by examining the 
difference of inlet and outlet temperatures in over 750 discrete operating conditions and five 
uncoated and coated cores using a benchtop test rig and an engine dynamometer.  The primary 
goal of this study was to determine the heat transfer rate of a heavy-duty marine diesel engine 
aftercooler assembly with and without the surface coating technology.  To meet this goal, a 
benchtop test rig was developed for preliminary investigation and then validation and detailed 
characterization provided from testing a marine diesel engine.  The benchtop test rig provided 
a platform to develop metrics for designing performance benchmarks.  Data was collected 
under steady-state conditions, with inlet parameters of fluids being controlled to within ±2% 
moving averages of set point values. Analysis of data revealed no observable, repeatable 
differences to overall heat transfer between the uncoated and coated aftercooler cores.  The 
average measurement uncertainty associated with all calculated values was ±3.7%, suggesting 
the benchtop test rig was capable of reliably quantifying the rate of heat transfer. Despite this, 
the results were within the margin of variation and were inconclusive for determining any 
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The Center for Alternative Fuels, Engines and Emissions (CAFEE) at West Virginia University 
(WVU) was contracted to conduct an investigation to characterize the heat transfer in a water-
to-air heat exchanger, or aftercooler, assembly from a marine diesel engine with and without a 
surface coating technology. The rejection of heat from the intake air flow after compression 
and prior to combustion allows for a denser air charge to be present for the combustion process.  
It is common for heat exchangers, in this case; the aftercooler assembly to perform this task.  
They allow for the rejection of heat while providing a physical barrier between the two fluid 
flows.  At its core, the primary goal of this project was to evaluate the performance of a heat 
exchanger with a heat transfer enhancement surface coating.  To facilitate this evaluation, focus 
was also placed on the design and construction of a benchtop test rig capable of producing 
repeatable results with a known or ascertainable measurement uncertainty.  
Experiments were conducted on a benchtop test rig and an engine operated on an engine 
dynamometer. The results from the untreated and treated coated heat exchanger tests were 
compared from both benchtop and engine dynamometer experiments to provide perspective 
on the performance of the applied coating with regards to their effect on heat transfer in the 
aftercooler and effects on heat exchanger effectiveness.  The objective of the benchtop test rig 
was to simulate conditions that the aftercooler assembly would experience during operation 
without being installed on the engine while measuring the heat transfer across the aftercooler 
assembly. To accomplish this task, the benchtop test rig was installed and operated in the 
CAFEE’s Engine and Emissions Research Laboratory (EERL) on WVU’s Evansdale facility. 
Experiments were also conducted in WVU’s heavy duty engine dynamometer test cell at the 
Evansdale facility and are also discussed in this report. These experiments were conducted by 
installing the engine in the test cell in a way that enables simulating in use operation. During 
each test cycle, data was recorded from sensors attached to the engine.  This document presents 
a description of the benchtop test rig set up and use, engine test cell setup, methods used for 





When a product is developed for use in transient conditions the ability to develop a meaningful 
data set directly from measurements can become complicated.  The ability to isolate 
components of a larger system and record data under steady-state conditions to make 
observations can be invaluable. Test benches can provide this alternative by providing a 
controlled environment that allows for quantification of the desired measurand coupled with 
the ability to isolate independent variables or system inputs during steady-state operating 
conditions.  Despite the intent of a test bench to provide agreeable conditions for observing 
some measurand, there exists a need to validate the reliability and function of the test bench.  
Without this validation, any observations made on a test bench that are subsequently projected 
to the actual operating conditions could be subjected to an assumption of questionable 
confidence [1]. It is impractical to devise a test bench for analysis if the specificity of test 
conditions does not provide an ability to be applied to the original system configuration or 
operation.   
A main goal of the aftercooler assembly is to remove heat from the intake air flow thereby 
increasing the density of the flow and allowing for more air to enter the combustion process.  
To reach this desired state, several thermodynamic processes occur.  First the fluid flow passes 
through the turbocharger prior to the aftercooler assembly which acts to compress the intake 
air charge.  The result of this compression is an increase in air pressure accompanied by an 
increase in air temperature. Next, the charged air exits the turbocharger and is passed through 
the aftercooler assembly.  Separating the aftercooler assembly from its specific purpose renders 
it a classic example of a heat exchanger where there are two fluid flows separated by an internal 
solid boundary and a finite temperature difference.  This temperature difference acts as the 
driving force for the transfer of energy in the form of heat.  At the outlet of the aftercooler 
assembly the result of the previous processes is a pressurized and relatively cooled air charge 
that is then fed into the combustion chamber of the engine [2]. The evaluation of changes 
between inlet and outlet conditions of an aftercooler assembly were studied to verify if the 
application of a surface coating improved the rate of heat transfer across an aftercooler 
assembly.   
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1.2 Goals of Research 
The goal of this research was to evaluate with reasonable confidence the variations in system 
response of a heavy-duty marine diesel engine aftercooler assembly with and without the 
application of a surface coating technology.  To meet this goal, several subtasks have been 
conducted.   
• Summary and review of relevant literature with emphasis on heat exchangers, methods 
for increasing rate of heat transfer, determination of measurement uncertainty, 
thermodynamic effectiveness metrics, and current testing with surface coatings for heat 
exchangers. 
• Benchtop test rig experiments have been conducted, documented, and analyzed to 
evaluate possible variation in thermodynamic system response between untreated and 
treated aftercooler assemblies.  Summary of benchtop test rig design, construction, and 
use is provided. 
• Full scale engine dynamometer testing was conducted, documented, and analyzed to 
evaluate possible variation in thermodynamic system response between untreated and 
treated aftercooler assembly.  In addition, measurements recorded from engine testing 
were used to establish validity of benchtop test rig experiments.  Summary of engine 




2 LITERATURE REVIEW 
The topics covered in this literature review will include heat exchangers, methods for 
improving heat transfer, and research conducted utilizing material coatings.   
2.1 Heat Exchangers 
Heat exchangers can be defined as any device where there is heat transfer or exchange of 
energy between two or more fluid flows and can be used for either cooling or heating.  Heat 
exchangers typically involve no work interactions and negligible kinetic and potential energy 
changes for each fluid stream [3].  Selection of the control volume determines what value of 
heat transfer rate will be calculated; if only one of the fluid flows is considered, then heat 
energy will transfer across the control volume boundary as it flows from one fluid to another 
resulting in a non-zero value for the rate of heat transfer.  Where the outlet and inlet 
temperatures of fluid streams are known, the determination of the heat transfer rate becomes a 
relatively simple problem to solve.  The actual heat transfer rate may be determined by 
calculating the difference in energy, in this case reflected by temperature, of either fluid stream.  
In the case of the hotter fluid side, this would be determining the amount of energy lost and 
alternatively, for the colder fluid side, this would be determining the amount of energy gained. 
When referred to in the scope of this research an aftercooler is part of engine’s thermal 
management system.  The term aftercooler is applied to the heat exchange device used on some 
internal combustion engines and is located after the turbocharger and prior to the combustion 
cylinder.  It is used to increase the density of the intake air charge by removing the heat 
introduced to the flow by being compressed prior to the aftercooler [4].  As the temperature of 
the intake air charge decreases, density increases improving the volumetric efficiency of the 
engine.  For automotive applications, aftercoolers are designed to cover the broad range of 
operational conditions and coolant temperatures including the operational extremes by 
controlling the flowrates of both working fluids.    
2.1.1 Classification of Heat Exchangers 
Heat exchangers are widely used in many industries and come in a variety of configurations 
that can be selected depending on the needs of the system in question.  These configurations 
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can be generally classified by nature of the heat exchange process, design/construction, flow 
arrangement, and physical state of fluids [5].  Nature of the heat exchange or transfer process 
subdivides heat exchangers into either direct or indirect contact type heat exchangers.  Direct 
contact heat exchangers, i.e. mixing chambers, bring both fluid flows into direct contact with 
one another.  This may be useful in a case where two or more fluid flows of the same fluid, but 
differing temperatures are used or if mixing of the two flows is desired.  Indirect contact type 
heat exchangers possess some form of physical barrier that prevents contact between fluids.  
The aftercooler assembly investigated is an indirect contact heat exchanger where the air and 
water flows are separated by solid copper tubes.  The design or construction characterization 
and flow arrangements of a heat exchanger can have a drastic impact on the effectiveness of a 
heat exchanger.  The primary categories for describing flow arrangement are parallel flow, 
countercurrent flow, and cross flow [5].  Parallel flow heat exchangers have the fluid flows 
enter the heat exchanger from the same side and run parallel through the heat exchanger.  In 
contrast, countercurrent flow heat exchangers have the flows positioned parallel to one another 
but flowing in opposite directions.  Cross flow heat exchangers have the fluids entering at 
different locations and as the flows pass through the heat exchanger, they cross paths 
perpendicular to each other.   The aftercooler assembly investigated is a cross flow heat 
exchanger where the water flow passes through an array of copper tubes and the air flow is 
forced around the tubes an out of the aftercooler.  Design or construction features are 
sometimes used to characterize heat exchangers as well.  Four of the primary constructions are 
regenerative, tubular, plate, and extended surface [5].  Of these four the aftercooler being 
evaluated can be described as a shell and tube heat exchanger which is a subcategory of tubular.  
This subcategory describes heat exchangers generally containing an array of tubes mounted in 
a shell, where one fluid passes through the tubes and the other flows across the tubes.   
2.1.2 Improving Heat Transfer 
The effectiveness of a heat exchanger is the ratio of actual heat transfer rate to the maximum 
possible heat transfer rate.  From this definition, it can be inferred that improving the rate of 
heat transfer results in a more effective heat exchanger.  Effectiveness can be used as a metric 
for comparison, either between different heat exchangers, or one heat exchanger with different 
applications of heat transfer enhancement methods.  Some attempts have been made to improve 
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the effectiveness of heat exchangers through evaluating the effects of convective heat transfer 
enhancement methods [6].  Some of these methods include flow turbulators, rough or treated 
surfaces, finning, flow swirling, and worm devices. However, these enhancement methods are 
not always feasible solutions to improving effectiveness.  The implementation of turbulators 
or finning may impede the flow to an extent that requires increasing pump sizes to move the 
fluid at the same flow rate.  While this would likely lead to an overall increase in heat exchanger 
effectiveness, a reduction of overall engine efficiency would result due to additional energy 
being used with the system.  While there are many factors that can influence the ability of a 
heat exchanger to transfer energy, four predominate [7, 8]. 
1. Losses due to the exchange of heat across a finite temperature difference, 
2. Losses due to fluid friction, 
3. Losses due to material properties and manufacturing of the heat exchanger, and 
4. Thermal losses due to heat exchange with the environment. 
Losses due to the exchange of heat across a finite temperature difference, losses from fluid 
friction, and thermal losses due to heat exchange with the environment are all sources of 
irreversibility that occur in a heat exchanger [3].  Reversible processes are idealizations of 
actual processes and are commonly used for approximating actual processes.  Irreversible 
processes are marked by a need to provide some external energy to return a system to its 
original state.  The boundary between the solid shell and the fluid flow introduces fluid friction 
to the inside of a heat exchanger, the energy lost to overcoming friction cannot be recovered 
and adds to the systems deviation from the ideal case [3]. By reducing the effects of fluid 
friction, the cold fluid flow provides a larger temperature difference from the hotter fluid flow 
possibly increasing the rate of heat transfer. 
2.1.3 Material Coating Research 
Material coatings are becoming more commonly used for tribological applications to reduce 
friction, fouling, and wear [9]. While the make-up of the material coating was evaluated in this 
study is proprietary in nature, a review of relevant literature is presented to provide 
supplemental information for their purpose, intended use, and application.  Material coatings 
can be loosely defined as any material where there is a major component called the matrix and 
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fillers are dispersed throughout [10]. The aftercooler being evaluated in this study provides a 
unique scenario in that under its intended operating conditions it directly uses seawater as its 
cooling fluid.  An engine mounted pump is responsible for pumping seawater directly into the 
heat exchanger using this as the means for heat rejection from the engine.  This provides the 
engine with a near-limitless temperature sink for waste heat rejection and a far better cooling 
fluid than air-cooled engine platforms.  However, these advantages are not without their 
drawbacks.  Biofouling, corrosion fouling, crystalline fouling, and particulate fouling are 
factors that need to be considered when opting for a seawater cooling system [11]. Biofouling 
can be defined as any biological growth originating from seawater manifesting themselves in 
the form of bacteria growths to algae.  Corrosion fouling results from the oxidation of some 
metals within the heat exchanger.  Crystalline fouling includes the deposition of salts and other 
soluble materials, whereas particulate fouling refers to silts, or other fine non-organic particles 
that are deposited within the heat exchanger [11]. Film-forming additives are sometimes used 
to inhibit to formation of fouling in seawater systems. An investigation of material coatings on 
heat exchangers through time indicated an increase of deposit accumulation paired with 
degradation in thermal performance of the heat exchangers tested [12]. Through use of the 
material coating evaluated in this study, the formation of fouling deposits within the aftercooler 
may be retarded in comparison to an untreated or factory condition aftercooler leading to an 
increase in heat transfer.  While this would not be considered a direct increase in heat transfer, 
extending the time before degradation of the heat exchanger effectiveness by application of a 
material coating could lead to a net increase of heat transfer over the life of the aftercooler. 
The material coating technology being evaluated could also prove to be a solution for attaining 
greater heat exchanger effectiveness and as a result, overall engine efficiency.  By applying a 
material coating that aids in increasing heat transfer rate or a reduction in fluid friction 
associated with a boundary layer between fluid flow and walls of the aftercooler to an existing 
platform it may be possible to increase engine efficiency while reducing fuel consumption.  
The application of material coatings to the surfaces of a heat exchanger can act to mitigate 
some of these effects leading to higher rates of heat transfer.  Returning to a macroscopic point 
of view of the system, it has been found that in general, engine performance is noticeably 
improved with a reduction in fuel consumption the better an aftercooler works [2].  The metric 
for the effectiveness of a heat exchanger in this case is determined by the ratio of heat transfer 
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to the maximum possible heat transfer possible. By increasing this effectiveness, the mean 
effective pressure and charge density are increased resulting in overall increase of efficiency 
for a diesel engine [2].  If a surface is strongly hydrophobic then there exists a natural tendency 
to repel water accompanied by poor wettability. The ability of a liquid to maintain contact with 
a solid surface is referred to as wettability [13]. When there is a flowing fluid, the molecules 
drag along the walls of its container like two solid surfaces sliding over one another when the 
forces between the fluid and wall molecules are not strong enough to overcome the shear forces 
at the wall.  Such that if a material coating were to be hydrophobic in nature it could aid in 
overcoming the shear forces at the wall leading to an overall decrease in fluid friction for the 
flow.  Research is still being pursued in the field of material coatings to induce hydrophobicity. 
One study has shown through creation of mound like microstructures covered by a dense layer 
of particles that created a wicking surface with augmented surface area was able to increase 
the critical heat flux and heat transfer coefficient [14].  Other methods of reducing fluid friction 
are already in existence, but in pressure-driven laminar flows, the use of super-hydrophobic 
surfaces shows the first signs of an effective technology at larger than molecular scales [15]. 
With reported results showing heat transfer coefficient increasing non-negligibly relative to 
the corresponding non-slip boundary conditions [15].  Other research has shown up to 10% 
drag reduction at low Reynolds numbers using hydrophobic coatings [16].  With these results 
it would seem to be a worthwhile endeavor to continue investigation into material coatings for 
heat exchanger applications.  One common thread throughout most of the literature regarding 
research conducted on material coatings is the scale or magnitude of testing.  Most studies 
investigate the effects on a micro or nano level and as such, quantification of any response 
from the system is obscured by measurement uncertainties [15]. The development and testing 
of a full-scale benchtop test rig could help to magnify any changes manifested from application 




3 FUNDAMENTAL EQUATIONS 
3.1 Calculation of Heat Transfer 
The expression used to calculate the rate of heat transfer from the air flow in the aftercooler to 
the water flow is derived from the first law of thermodynamics, sometimes referred to as the 
conservation of energy principle. For the aftercooler setup, this principle leads to the 
expression shown below in equation for the rate of heat transfer. 
?̇? = ?̇?𝐶𝑃∆𝑇      1. 
In equation 1, ?̇? represents the rate of heat transfer. The mass flow rate is represented by ?̇?. 
The specific heat of the flowing fluid is and the change in temperature of the fluid are 
represented by 𝐶𝑃 and ∆𝑇, respectively. It was initially decided that the heat transfer would be 
calculated using the conditions from the air side of the intercooler because there would be a 
larger temperature difference between in the air inlet and outlet. Knowing this, the expression 
for heat transfer was adapted to be more specific to that perspective. That expression is shown 
below in equation 2.  
?̇? = ?̇?𝑎𝑖𝑟𝐶𝑃,𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝐴𝑖𝑟(𝑇𝑎𝑖𝑟 𝑖𝑛𝑙𝑒𝑡 − 𝑇𝑎𝑖𝑟 𝑜𝑢𝑡𝑙𝑒𝑡)       2. 
The variable shown in equation 2 is the same as the one in equation 1. However, they now 
represent characteristics of the air stream in the intercooler.  
The air temperature at the inlet and the outlet to the intercooler were taken directly from 
temperature sensor readings. The mas flow rate and specific heat of air were calculated 
parameters that from the conditions of the air flow through the intercooler. The expression for 
the specific heat capacity of air is shown below in equation 3 [3]. 
𝐶𝑃,𝑎𝑖𝑟 = 𝑎 + 𝑏𝑇 + 𝑐𝑇
2 + 𝑑𝑇3    3. 
This expression comes from a curve fit of empirical data and is accurate to within .72% error 
over the range of 273 K to 1800 K. The values of the constant coefficients in equation 3 are 
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shown on the next page. These coefficients have been determined for use with the Kelvin scale 
of absolute temperature. 
𝑎 = 28.11 
𝑏 = 0.1967 𝑥 10−2 
𝑐 = 0.4802 𝑥 10−5 
𝑑 = −1.966 𝑥 10−9 
The specific heat capacity of air varies with changes in temperature. It is necessary to account 
for this variation by calculating the specific heat at both the inlet and outlet temperatures of the 
intercooler. From that, it is acceptable to approximate the increase as linear and take the 




                          4. 




      5. 
In equation 5, the volumetric flow rate of air is represented by ?̇?𝑎𝑖𝑟 which is measured by the 
LFE in the benchtop test rig. The LFE is used to determine the standard volumetric flow rate, 
inlet temperature and differential pressure are measured with the flow then being normalized 
to an assigned standard pressure and temperature, 294.3 K and 14.70 PSIA respectively.  
Dynamic viscosity is determined using a temperature-based viscosity equation provided with 
the LFE and can be seen in equation 6, this value is normalized by a dynamic viscosity of 
1.825 𝑥 10−5
𝑘𝑔
𝑚𝑠⁄ . Using the calibration curve values associated with the LFE a flow rate value 
was obtained using the formula shown in equation 7. In equation 7 DP refers to differential 
pressure, 𝑇𝐿𝐹𝐸 refers to the temperature at the LFE, 𝑃𝐿𝐹𝐸  refers to the absolute pressure 








]     6. 









)          7. 
 
The values of the constant coefficients are shown below.  These coefficients were provided by 
the manufacturer of the LFE.  
𝐵 = 2.85419 𝑥 102 
𝐶 =  −1.46247 
The specific volume of air is represented by 𝑣. The specific volume is calculated using the 
conditions of the air flow just before the inlet to the LFE. The expression for it is shown below 




      8. 
In equation 8, 𝑅𝑎𝑖𝑟 is the gas constant of air. The absolute temperature and pressure of the air 
flow are represented by 𝑇 and 𝑃, respectively.  
3.2 Calculation of Measurement Uncertainty 
Data was recorded at a sampling rate of 10 Hertz for a time interval of no less than two minutes.  
From this, approximately 1200 discrete samples with measured values for each measurement 
parameter were recorded for each test point.  With recorded values and upwards of 600 test 
points, it was necessary to condense the results of each test point into a more meaningful and 
concise format. 
The uncertainty of measurements taken in the experiment were calculated using a method 
called sequential perturbation [17]. A brief summary of the literature will follow. It is necessary 
when evaluating the topic of measurement uncertainty to be conscious of the terminology used.  
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To facilitate the review, the terms of accuracy, precision, and error are given as well. Error is 
the difference between the stated and the true measurement.  Accuracy is the measure of this 
error, while precision refers to the proximity of measurements to one another i.e. repeatability. 
Use of the term error implies that the actual or real value is known, and any measurement 
taken that deviates from this known value manifests itself as the error.  Measurement 
uncertainty implies that the actual value lies within a margin of values with an associated 
statement of reasonable confidence.  Accuracy is the measure of this error or closeness to the 
actual value, while precision refers to the proximity of measurements to one another i.e. 
repeatability. Statements of uncertainty are always based on some additional statement of 
reasonable confidence, i.e.  X=Xmeasurement ± Xuncertainty. 
The initial statement of reasonable confidence for measurement uncertainty used for the 
measured parameters of this experiment were derived from the specifications for accuracy 
provided by the manufacturer of each respective sensor. It then becomes possible to begin 
comparing measurements with uncertainty.  In general, it can be found that the difference of 
measured values yields a sum of absolute uncertainties. An example of this is provided below 
in equations 9 and 10. 
𝑋1 = 𝑥1 ± 𝜕𝑥1; 𝑋2 = 𝑥2 ± 𝜕𝑥2;       9. 
 
𝑋1 + 𝑋2 = (𝑥1 + 𝑥2) ± (𝜕𝑥1 + 𝜕𝑥2)         10. 
However, many times measurement uncertainties are listed as fractional uncertainties which 
are determined by dividing the uncertainty by the measurement value.  An example of this is 
provided below.  To determine the absolute uncertainty from fractional uncertainty, multiply 
the fractional uncertainty by the measured value as shown in equation 11.  
𝑋1 = 𝑥1 ± %𝑥1  𝑤ℎ𝑒𝑟𝑒 %𝑥1 = 𝜕𝑥1 𝑥1⁄                    11.  
To combine the respective measurement uncertainties from different formats for determination 
of uncertainty propagation, it is common to use Gaussian Quadrature to determine the 
maximum likely uncertainty of measurements.  Consider the following: 
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𝑞 = 𝑥 + 𝑦      12. 
 




𝜕𝑦⁄ ∆𝑦                    13. 
 
 
𝑞 = 𝑞(𝑥, 𝑦) ± (‖
𝜕𝑞
𝜕𝑥
‖ 𝑑𝑥 + ‖
𝜕𝑞
𝜕𝑦
‖ 𝑑𝑦)                                                    14. 
Following these series of steps, it can be determined that measurement uncertainty can be 
found by calculating the magnitude of the sum of absolute values of each measurements’ 




‖ 𝑑𝑥)2 + (‖
𝜕𝑞
𝜕𝑦
‖ 𝑑𝑦)2                  15. 
These calculations for maximum likely uncertainty were used to describe measurement 
uncertainty for each measured parameter.  Essentially, the procedure described is used to 
determine each of the base parameters, i.e. flowrate, temperature, density.  Overall uncertainty 
in the final reported result requires some further manipulation.  To yield a result with a 
statement of uncertainty with reasonable confidence for a result derived with propagation of 
uncertainty, sequential perturbation of the inputs was used in addition to accounting for 
residual fixed and random uncertainty in the measurements.  The following procedure will 
outline this process.  Start by calculating the result R and classify this value as Ro for each 
measurement.   
𝑅 = (𝑥 + 𝑦)𝑧 =  𝑅𝑜               16. 
Next, for the range of recorded points (for i = 1 to N) for an individual parameter increase the 
value of Ro by its associated uncertainty interval, 𝜕𝑥𝑖, to calculate its result, Ri+(x,y,z), using the 
augmented value of each individual parameter while all other parameters are used without their 
measurement uncertainty. 
𝑅𝑖+𝑥 = ((𝑥 + 𝜕𝑥) + 𝑦)𝑧;   𝑅𝑖+𝑦 = (𝑥 + (𝑦 + 𝜕𝑦)𝑧;  𝑅𝑖+𝑧 = (𝑥 + 𝑦)(𝑧 + 𝜕𝑧);   17. 
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Then find the difference Ri+- Ro and record the value as Ci+.  This value is representative of 
each parameters measurement uncertainty that contributes to the value of R caused by the i-th 
variable.   
𝐶𝑖+𝑥 = 𝑅𝑖+𝑥 − 𝑅𝑜;  𝐶𝑖+𝑦 = 𝑅𝑖+𝑦 − 𝑅𝑜; 𝐶𝑖+𝑧 = 𝑅𝑖+𝑧 − 𝑅𝑜;                     18. 
As redundancy, the steps outlined by equation 19 and 20 were followed for the negative case 
of perturbation. 
𝑅𝑖−𝑥 = ((𝑥 − 𝜕𝑥) + 𝑦)𝑧; 𝑅𝑖−𝑦 = (𝑥 + (𝑦 − 𝜕𝑦)𝑧;         𝑅𝑖−𝑧 = (𝑥 + 𝑦)(𝑧 − 𝜕𝑧);       19. 
𝐶𝑖−𝑥 = 𝑅𝑖−𝑥 − 𝑅𝑜; 𝐶𝑖−𝑦 = 𝑅𝑖−𝑦 − 𝑅𝑜; 𝐶𝑖−𝑧 = 𝑅𝑖−𝑧 − 𝑅𝑜;   20. 
From this, the positive and negative case are then averaged and used as the working value of 
Ci. Next, the root-sum-square of the Ci is calculated to produce the maximum likely 
measurement uncertainty.  Each subsequent calculation uses the values determined for 
measurement uncertainty to propagate the uncertainty throughout a sequence of calculations.   
𝜕𝑅 = √𝐶1
2 + 𝐶2
2 + ⋯ 𝐶𝑖
2     21. 
The uncertainty value determined from this calculation estimates the possible residual error in 
that measurement and is described by its bias limit, Bxi.  Bias limit of a measurement estimates 
the maximum probable value of its fixed error with 95% confidence, equivalent to two standard 
deviations from the mean value recorded.  Precision index accounts for random error by 
measuring the range where the mean of N readings might lie by chance alone and its general 
form is presented below in equation 22 below.  
𝑃𝑟𝑒𝑐𝑖𝑠𝑖𝑜𝑛 𝐼𝑛𝑑𝑒𝑥 =  
𝑡(𝜎)
√𝑁
     22. 
Where 𝜎 is standard deviation, N is the number of points in the sample and t is Student’s t 
multiplier value used to describe a 95% confidence interval [17]. The magnitude of the 
precision index and measurement uncertainty is then taken to determine the overall uncertainty 
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in a result and is the value of measurement uncertainty reported in the results portions of this 
report. 
3.3 Heat Exchanger Effectiveness 
The effectiveness of a heat exchanger is the ratio of actual heat transfer rate to the maximum 
possible heat transfer rate.  This relation represents the deviation of actual heat transfer rate 
from the ideal case.  Through this ratio we can determine what fraction of heat energy is 
transferred in a heat exchanger relative to the ideal case.  For the aftercooler assembly being 
investigated, the desired output is for the outlet air temperature to be as close to inlet water 
temperature as possible.  Given this case, the cold fluid is considered the minimum fluid, 
having the smaller capacity coefficient C = ?̇?𝐶𝑝, equation 23 below defines the effectiveness 







         23. 
The actual case of temperatures across the aftercooler assembly can be viewed on the next 
page in Figure 1.  The airflow in this case is the hot fluid flow, with water representing the 
cold fluid flow.  It can be seen on the right side of the plot that there exists some finite 




Figure 1 - Plot of Actual Heat Exchanger Temperature Distribution 
 
In this case, heat transfer rate of the airflow side would be calculated using equation 24 
which corresponds to the equation in the numerator of equation 23. 
?̇? = ?̇?𝐶𝑃(𝑇𝑎𝑖𝑟,𝑖𝑛 − 𝑇𝑎𝑖𝑟,𝑜𝑢𝑡)                                                  24. 
Determination of the denominator from equation 23 first requires the assumption of a perfect 
heat exchanger.  For the case given, the air flow outlet temperature would be identical to the 
inlet water flow temperature.  Figure 2 on the next page shows a general temperature 





Figure 2 - Plot of Ideal Heat Exchanger Temperature Distribution 
 
Consideration of the system in the manner allows for the calculation of a theoretical 
maximum for the rate of heat transfer.  In this case, heat transfer rate of the airflow side 
would be calculated using equation 25  
𝑄𝑖𝑑𝑒𝑎𝑙̇ = ?̇?𝐶𝑃(𝑇𝑤𝑎𝑡𝑒𝑟,𝑖𝑛 − 𝑇𝑎𝑖𝑟,𝑖𝑛);    𝑤ℎ𝑒𝑟𝑒 𝑇𝑤𝑎𝑡𝑒𝑟,𝑖𝑛 =  𝑇𝑎𝑖𝑟,𝑜𝑢𝑡                    25. 
With the determination of actual and ideal heat transfer rates it is then possible to calculate the 
heat exchanger effectiveness.  The effectiveness value determined cannot be greater than one 




4 BENCHTOP METHODS AND MATERIALS 
4.1 Introduction 
A benchtop test rig is presented for the study and evaluation of thermodynamic variations 
manifesting from the application of a surface coating technology.  Necessary parameters for 
the determination of heat transfer rates were monitored and recorded from this rig.  Multiple 
sets of benchtop experiments have been performed on the benchtop test rig with design, 
construction, measurements, and results from investigation reviewed in this paper.  
 
4.2 Design, Construction, and Limitations 
As discussed previously in Chapter 1.1 of this paper, benchtop test rigs can provide a useful 
and isolated source of data acquisition in place of full-scale testing.  Prior to testing however, 
it is important to outline the needs of the benchtop test rig.  The benchtop test rig that was built 
for this project was designed to simulate a range of engine operation that was likely to provide 
useful data while not becoming excessive in its construction.  Due to the selection of a specific 
aftercooler assembly for evaluation it rendered many pre-existing benchtop test rig 
configurations impractical.  Rather than retrofit one of these configurations, construction of a 
new benchtop test rig was the chosen solution for both research and economic reasons. In 
addition, designing the benchtop test rig in house allowed for the use of pre-existing 
infrastructure and utilities. Design of the benchtop test rig was aimed at meeting several 
different input parameter conditions.  The input parameter conditions that were pursued were 
designed to replicate a range of temperatures, pressures, and flow rates associated with rated 
engine conditions of the marine diesel engine used for engine testing.  The engine platform 






The maximum operating parameters of the engine platform relevant to the benchtop tests are 
listed below: 
• Raw Water-Cooling Pump (water flow) 
o 73 GPM at an engine speed of 3300 RPM (rated power) 
• Engine Intake Air Flow and Pressure (air flow) 
o Approximately 920 SCFM intake flow 
o Approximately 50 PSIA intake manifold pressure 
• Air Handling System Temperatures at Rated Power (3300 RPM, approx. 540 HP) 
o Compressor outlet (aftercooler air inlet): 467 °F 
o Intake manifold inlet (aftercooler air outlet): 105 °F 
• Aftercooler water temperatures at rated power (3300 RPM, approx. 540 HP) 
o Water inlet (aftercooler water inlet): 85 °F   
o Water outlet (aftercooler water outlet): 119 °F 
The benchtop test rig was fabricated at the CAFEE’s Vehicle and Engine Testing Laboratory 
(VETL) and then transferred to the CAFEE’s (EERL).  A short summary of general theory for 
supplying each necessary parameter for testing is provided here, with more detailed 
descriptions being provided in the following sections of Chapter 4.2.  The aftercooler used was 
an air to water unit that was acquired separately from the Cummins QSB.6.7 test engine.  The 
temperature of the water being pumped through the aftercooler is lower than the temperature 
of the airflow introducing the necessary temperature difference to drive heat transfer.  The 
turbocharger on the engine is normally responsible for compressing and feeding air to the 
combustion process. In the benchtop arrangement, air was passed through aftercooler using a 
screw-driven air compressor. Additionally, the air flow was heated before entering the 
aftercooler to simulate conditions seen in the engine. The Cummins QSB.6.7 engine platform 
is equipped with a water pump that provides the cooling water to the aftercooler.  Water was 
passed through the aftercooler using an external centrifugal pump and water storage system. 
The temperatures of each fluid were measured at the inlet and outlet of the aftercooler. Those 
temperatures combined with a mass flowrate measurement of each fluid were used to calculate 
the heat transfer across the aftercooler. A full diagram of the test setup is shown in Figure 3 




Figure 3 - Aftercooler Benchtop Test Rig Schematic 
 
4.2.1 Bench Construction 
The chosen location for the benchtop test rig to be operated made it necessary for the benchtop 
test rig skid itself to be modular in nature. A skid was designed for mounting the aftercooler 
assembly, a drawing is shown in Figure 4. The skid was designed with two shelf areas for 





Figure 4 - CAD Model of Test Bench Frame 
With the skid built, it became necessary to mount the aftercooler assembly itself.  Figure 5 
below shows the mounting arm that held the aftercooler assembly in place.  The mounting arm 
was fabricated such that the orientation of the aftercooler assembly would be the same as when 
mounted on the engine platform.   
 
Figure 5 - Aftercooler Assembly Mounting Arm 
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4.2.2 Air Supply 
Initially, the low-pressure air supply system situated at the WVU CAFEE EERL was tested as 
an option for supplying the volumetric air flow to the benchtop test rig.  The low-pressure air 
supply system is often utilized for flow simulation and calibration of instruments.  This system 
is capable of volumetric air flows of up to approximately 3000 SCFM at minimal restriction 
or ambient pressure conditions.  However, the highest pressure that could be achieved by the 
system was approximately 35 PSIA at significantly lower volumetric flow rates well below a 
useful value for testing.  To provide larger volumetric air flows at higher pressures a Sullair 
rotary screw air compressor, model LS-20S 125H AC KT was used to provide pressurized air 
to the aftercooler. The air compressor selected provided volumetric air flow at pressure values 
throughout some of the engines operating range with a maximum volumetric flow recorded at 
approximately 530 SCFM at 50 PSIA.  The pressure and flowrate of air supplied to the test 
bench was controlled with two valves installed before and after the inlet and outlet air 
connections on the aftercooler. Figure 6 shows the placement of these valves on the benchtop 
test rig.  The valve before the aftercooler was used to control volumetric flow rate of the air.  
Air pressure was controlled by the valve located after the aftercooler.  After several trial runs 
were conducted it was noted that adjusting the valves resulted in an inverse relationship 
between volumetric air flow and air pressure across the aftercooler assembly.  Adjusting the 
pressure control valve to increase pressure would cause the volumetric air flow to decrease and 
vice versa. 
 
Figure 6 - Valves for Control of Pressure and Volumetric Flow Rate across aftercooler assembly 
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4.2.3 Water Supply 
A closed water supply system was originally proposed for the benchtop testing.  This approach 
was taken initially to allow for the possible use of synthetic sea water.  Synthetic sea water was 
considered for use in the benchtop test rig due to the application of the engine platform in use 
is generally at sea so by extension the water being pumped through the aftercooler assembly 
for cooling of the air flow would be saline.  A review of thermodynamic properties for the 
sensitivity of results for differences in salinity of water was conducted to assist in the selection 
of the water source used. Rated engine conditions were selected as constants for this 
comparison along with an assumed constant temperature difference across the aftercooler 
assembly. Volume flow rate of 73 GPM at 3300 RPM, inlet temperature of 29.4 °C, and outlet 
temperature of 48.3 °C.  The detailed procedure for the calculation of heat transfer is provided 
in Chapter 3.1.  For this review, density and specific heat at varying salinity and temperature 
values were considered as variables.  Tables 1 and 2 show density and specific heat at varying 
temperature and salinity levels.  The reported average salinity of the world’s oceans is thirty-
five grams per kilogram for reference [19, 20].  




 Salinity (g/kg) 
0 10 20 30 35 40 50 60 70 80 90 100 110 120 
10 999.5 1007.4 1015.2 1023 1027 1030.9 1038.7 1046.6 1054.4 1062.2 1070.1 1077.9 1085.7 1093.6 
20 998 1005.7 1013.4 1021.1 1024.9 1028.8 1036.5 1044.1 1051.8 1059.5 1067.2 1074.9 1082.6 1090.3 
25 996.9 1004.5 1012.2 1019.8 1023.6 1027.4 1035 1042.6 1050.3 1057.9 1065.5 1073.1 1080.7 1088.4 
30 995.6 1003.1 1010.7 1018.2 1022 1025.8 1033.4 1040.9 1048.5 1056.1 1063.6 1071.2 1078.7 1086.3 
40 992.2 999.7 1007.1 1014.6 1018.3 1022.1 1029.5 1037 1044.5 1052 1059.4 1066.9 1074.4 1081.8 





0 10 20 30 35 40 50 60 70 80 90 100 110 120 
10 4196.9 4136.7 4078.4 4022.2 3994.9 3968.1 3915.9 3865.8 3817.7 3771.6 3727.6 3685.6 3645.6 3607.7 
20 4189.4 4132.9 4078.1 4024.9 3998.9 3973.4 3923.6 3875.4 3828.9 3784.1 3740.9 3699.4 3659.6 3621.4 
25 4186.5 4131.5 4078.1 4026.2 4000.8 3975.8 3926.9 3879.5 3833.7 3789.3 3746.5 3705.2 3665.4 3627.1 
30 4184.2 4130.6 4078.3 4027.5 4002.6 3978 3930 3883.3 3837.9 3794 3751.4 3710.3 3670.5 3632.1 




Results for calculations are listed in Table 3 on a kW basis.  Each point was calculated using 
the corresponding density and specific heat. The important points to note are the heat transfer 
values for fresh water [Salinity = 0 g/kg] and reported average saltwater [Salinity = 35 g/kg]. 




0 10 20 30 35 40 50 60 70 80 90 100 110 120 
10 739.5 734.6 729.9 725.3 723.2 721.1 717 713.2 709.6 706.2 703.2 700.3 697.7 695.5 
20 544.7 541.5 538.5 535.5 534 532.6 529.9 527.2 524.7 522.4 520.2 518.1 516.2 514.4 
25 447.8 445.3 442.9 440.5 439.4 438.3 436.1 434 432 430.1 428.3 426.6 425 423.6 
30 351.2 349.3 347.5 345.7 344.8 344 342.4 340.7 339.2 337.8 336.4 335 333.8 332.6 
40 158.9 158.2 157.4 156.7 156.3 155.9 155.2 154.5 153.9 153.2 152.6 152 151.4 150.9 
 
Table 4 below shows percent difference of results for each inlet temperature between fresh water 
and average reported sea water values. The values obtained from this analysis illustrate that the 
difference between using seawater and freshwater to have at greatest 2.2% difference.  It should 
also be noted that the percent difference is positive indicating that fresh water can transfer more 
energy than sea water.  In the case of comparing differences in heat transfer between untreated 
and treated aftercooler assemblies a larger recorded heat transfer value compounded with any 
differences in heat transfer from the coating should increase any variation between the measured 
values. For this reason, the water supplied for the benchtop test rig was chosen to be fresh water.  
Given that fresh water was to be used, it was elected that the system used for the benchtop testing 
would be an open system domestic cold-water supplied at the CAFEE’s EERL. Selection of fresh 
water for these tests in place of seawater also aided in prevention of accumulation of salt and 
other fouling deposits on the insides of the water flow tubes in the aftercooler assembly.   
Table 4 - Percent Difference of fresh and sea waters at specified temperatures. 
Inlet Temperature (°C) 10 20 25 30 40 
Percent Difference 2.22 1.99 1.89 1.82 1.68 
 
A two-horsepower centrifugal water pump with a variable frequency drive (VFD) capable of 
a flow exceeding seventy-three gallons per minute was used to circulate water through the test 
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bench.  The flowrate of water was varied by controlling the output frequency of the VFD which 
in turn varied the speed of the pump. This simulated the Cummins QDB-6.7 engine’s raw 
water-cooling pump at different engine speeds. Figure 7 below shows the pump, tank, and 
cooling loop intake and return assemblies.  
 
Figure 7 - Water pump and tank assembly 
A 275-gallon IBC tank was used as a reservoir for the water system. A separate loop with 
additional pumps and heat exchangers was utilized to maintain the water tank temperature for 





Figure 8 - Water Cooling Loop Pump Assemblies 
 
Figure 9 - Water Cooling Loop Heat Exchanger Assembly 
 In some cases, heated water was rejected from the system in conjunction with the direct 
addition of house water.  The heat exchangers utilized house water to cool the water held in 
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the reservoir. Tank temperature was maintained by controlling the speed of the pumps with 
VFDs connected to the heat exchanger cooling loops.  Given the input temperatures for most 
of testing was above ambient ground water temperatures a chiller was not utilized for 
temperature control of water. 
4.2.4 Energy Supply 
A forced convection heater was designed and constructed to provide the necessary energy to 
the air flow.  Figure 10 below shows a CAD model showing the outside of the heater.  The 
heater was placed after the air compressor and prior to the benchtop test rig.  Its construction 
consisted of five sections of 30 kW resistance heating coils repurposed from smaller heating 
units and subsequently placed in each of the five hardware tray section dividers of the heater. 
 
Figure 10 - CAD Model of Airflow Heater 
As the airflow is pushed into the heater by the compressor it is then forced to the outside of the 
cylinder and across the arrays of resistance heater coils. The five sections of resistance heating 
coils can be operated separately from one another or in a duty-cycle operation depending on 
the demands of the system.  Figure 11 below shows the entrance view of the heater with the 




Figure 11 - Entrance View of Airflow Heater 
 
4.2.5 Operating Conditions 
At the conclusion of fabrication and assembly the limitations of each supply system across the 
benchtop test rig were tested.  This testing aided in understanding the achievable maximum 
and minimum operating points of the benchtop test rig. Operating points relevant to the 
benchtop tests are listed in Table 5. Note that for air temperature, there was a minimum air 
temperature of 75 °C from compression of air in compressor and the maximum temperature 








Table 5 -Benchtop Test Rig Operating Conditions 
Parameter Value Control  
Air Flow 530 SCFM at 50 PSIA, 
max 
 ±2% setpoint 
Air Pressure ±1% setpoint 
Water Flow 15-73 GPM ±1% setpoint 
Water Temperature 20-55 °C ±1% setpoint 
Air Temperature 
75-150 °C ±2% setpoint 
>150 °C ±1% setpoint 
 
These testing capabilities were used as the basis for developing the benchtop test rig test 
matrices and will be discussed later in Chapter 6. 
 
4.3 Measurement and Data Acquisition 
CAFEE’s Python-based data acquisition software, Scimitar, was used to record signal and 
interface with measurement and control hardware. Scimitar provides a flexible platform that 
can integrate signals from a multitude of different DAQ hardware from various manufacturers: 
• RTDs, Pressure Transducers, Flow Meters: ICPDAS PET-7019 – 10 Channel 
Thermocouple/Analog Input IP/Modbus TCP Communication 
• Humidity Measurement: Edgetech Dewprime ii – RS 232 Serial Communication 
• Aftercooler Water Pump Speed (Flow) Control: Bardac OD-34100-US - Ethernet 
TCP Communication 
• Tank Cooling Loop Pumps Speed (Flow) Control: Automation Direct GS2 Motor 
Controller – RS 435 Serial Communication 
• Air Heater Control: Pulse width modulation of solid-state relays controlled with 
ICPDAS PET-7019 Digital Outs (6) 
A list of instrumentation manufacturers and model numbers is supplied in Appendix B.   
As a test was conducted, data was recorded by Scimitar at a 10 Hertz sampling rate. The data 
was shown in real time to the operator of the test bench. While monitoring the data, the operator 
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also controlled the operating conditions in the intercooler by adjusting various pieces of 
equipment. In addition to taking measurements, Scimitar was also used to calculate initial heat 
transfer results in real time. The heat transfer calculation was programmed into Scimitar so 
that it would be calculated and recorded at the same 10 Hertz sampling rate using the most 
recent measurement values available from each sensor in the test bench.  Figure 12 below 
shows the aftercooler assembly with flow directions for air and water.  The highlighted regions 
show where pressure and temperature instrumentation were placed.   
 
Figure 12 - Fluid flow directions and Temperature and Pressure Instrumentation Locations (Highlighted Regions) 
 
Temperature and pressure ports at the aftercooler assembly water inlet can be seen in Figure 13 on 
the next page.  Table 6 provides a summary of instrumentation with the location, measurement, 





Figure 13 - Aftercooler Temperature and Pressure Instrumentation 
 
Table 6 – Table of Instrumentation, Benchtop Test Rig 
Location Measurement Sensor Type Variable 
Air Inlet Temperature Resistance Temperature Detector Ti,a 
  Pressure Absolute Pressure Transducer Pi,a 
    Differential Pressure Transducer (High) Phigh,a 
  Humidity Chilled Mirror Hygrometer ɸ 
  Flow Laminar Flow Element ∀̇𝑎  
Air Outlet Temperature Resistance Temperature Detector To,a  
  Pressure Differential Pressure Transducer (Low) Plow,a  
Water Inlet Temperature  Resistance Temperature Detector  Ti,w 
  Pressure Absolute Pressure Transducer Pi,w 
  Differential Pressure Transducer (High) Phigh,w 
  Flow Magnetic Flow Meter ?̇?𝑤  
Water Outlet Temperature Resistance Temperature Detector To,w   
  Pressure Differential Pressure Transducer (Low) Plow,w  
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4.4 Testing Procedures 
4.4.1 Target Conditions and Stability Criteria 
The testing used a stabilization criterion to ensure the inlet and outlet conditions are stable 
prior to collecting data for the aftercooler heat transfer calculations. The conditions were 
considered stable when the target parameter was within ±2% of its target value for at least two 
minutes as defined by Title 40 of the Code of Federal Regulations (CFR), Part 1065.510(b)(2) 
“Engine Mapping.” [21] The operator did not record data until these conditions were met. After 
stable conditions were obtained, the operator of the test bench recorded data for no less than 
two minutes. 
4.4.2 Application of Material Coating 
The in-situ application of the coating was performed while the aftercooler was on the test stand. 
CAFEE personnel were responsible for removing the water inlet and outlet connections. All 
instrumentation was installed prior to or after the aftercooler inlet and outlet connections 
respectively, and thus were removed to ensure the surface coating did not influence the 
instrumentation measurements. The project sponsors personally connected their coating 
system to the water inlet and water outlet connections. Photographs of the aftercooler core 
were taken before and after the application of the surface coating disassembled from the 
aftercooler assembly housing.  Figure 14 shows core four before and after application of 
surface coating.  Upon visual inspection, there was no discernable difference between the 
untreated and treated water flow tube arrangements although there had been some residue 
accumulation on the internal rubber gasket of the aftercooler core.  Imagery inside the flow 
tubes was difficult to obtain because of the small diameter of the tubes, however, the face of 
the core appeared to be made of the same material as the tubes, and thus considered an analogue 








5 ENGINE METHODS AND MATERIALS 
5.1 Introduction 
Engine testing was conducted to characterize variations in thermodynamic responses between 
an untreated and treated aftercooler in use on a heavy-duty diesel engine.  The work was 
performed in Morgantown, WV at the CAFEE EERL in the heavy-duty engine dynamometer 
test cell. Engine testing of the technology provides an analogue to real world applications and 
a metric for comparison to bench testing.  
5.2 Design and Limitations 
The benchtop test rig was fabricated at the CAFEE’s VETL and then transferred to the EERL.  
The aftercooler used was an air to water unit that came equipped on the Cummins QSB.6.7 test 
engine.  In the engine test cell arrangement, air was fed to the engine using the EERL’s air 
handling unit and subsequently compressed and passed through aftercooler using the engines 
turbocharger.   The Cummins QSB.6.7 engine platform is equipped with a water pump that 
draws water through aftercooler assembly.  The temperatures of each fluid were measured at 
the inlet and outlet of the aftercooler. Those temperatures combined with a mass flowrate 
measurement of each fluid were used to calculate the heat transfer across the aftercooler.  
5.2.1 Engine Model and Description 
The test engine used was a 2018 model-year, Cummins QSB 6.7 550 GSI engine having a 
nominal power output of 542 HP, produced August 2018.  The test engine was provided by the 
project sponsor for use in the testing conducted in this project. A short summary of details of 










Table 7   2018 Cummins QSB 6.7 Engine Specifications 
Manufacturer  Cummins 
Model  QSB6.7550GSI 
Year  2018 
Cylinders  Inline 6 
Displacement (L)  6.7 
Power Rating (hp)  542 @ 3300 RPM 




Figure 15 - QSB 6.7 Engine (side) 
5.2.2 Operating Conditions 
  The maximum operating parameters of the engine platform relevant to the engine tests are 






Table 8 - Engine Operating Parameters 
Parameter Value Control  
Air Flow 
920 SCFM at 50 PSIA, max 
 ±2% setpoint 
Air Pressure ±2% setpoint 
Water Flow 73 GPM at 3300 RPM (rated power) ±2% setpoint 
Water Temperature 20-55 °C ±2% setpoint 
Air Temperature 40-250 °C ±2% setpoint 
 
At each operating point the following parameters pertaining to the aftercooler were recorded; 
air flow through aftercooler, water flow through the aftercooler, air temperature and pressure 
in and out of the aftercooler, water temperature in and out of the aftercooler, and water 
pressure. The controlled parameters for the test matrix were intake air, water temperature, and 
engine loading.  Due to the inherent differences associated with bench testing versus full scale 
engine testing the outlet measurements for air and water may differ from the full-scale engine 
data. 
5.2.3 Air Supply 
The air supplied to the engine was provided via an air handling unit housed at the EERL.  The 
air handling unit provided the necessary volumetric flow rates while attempting to maintain 
temperature of the intake air to 25 ±5 °C.  
5.2.4 Water Supply 
An open water supply system was used for the benchtop testing in order to facilitate the full 
range of water flowrates and maintaining inlet water temperature. An inhouse water tank 
located in the test cell was used as a reservoir for the water system. A separate loop with 
solenoids connected to PID temperature controllers feeding in ground temperature water and 
returning heated water was utilized to maintain the water tank temperature.  
5.2.5 Fuel Handling 
The CAFEE was responsible for handling and storage of all diesel fuel for the duration of the 
program. The CAFEE personnel procured clean totes for storage of all fuel used. Fuel samples 
were skimmed from the top of each tote used for fuel storage when the totes were filled with 
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fuel. The samples were then transferred to the project sponsor to conduct a third party fuel 
analysis. The results reported to the CAFEE can be seen in Table 8. The primary fuel containers 
were stored at the CAFEE’s VETL, with smaller pre-cleaned fifty-five-gallon barrels being 
filled as needed to facilitate testing for each day. 
Table 9 - Fuel Sample Summary 
 Sample 4 Tote 1 #1 Truck Sample 3 Tote 3 Sample 2 Tote 1 
Clear & Bright C&B C&B C&B C&B 
Water Free Water Free Water Free Water Free Water Free 
Particulates No Particles No Particles No Particles No Particles 
Viscosity (cSt) 2.259 2.252 2.259 2.254 
PM by Filtration mg/L 0 0 3.6 0 
Flash Point 0F 147 145 145 137 
Sulfur ppm 2.3 2.5 2.4 2.4 
Petroleum Prod Ash wt. % <0.001 <0.001 <0.001 <0.001 
Heat of Combustion BTU/gal 135,841 134,828 135,829 136,649 
Cetane Index 55.3 55.4 55.4 55.4 
Density @ 150C g/cm3 0.81741 0.81741 0.81652 0.81682 
 
5.3 Measurement and Instrumentation 
Locations of instrumentation on the engine were placed as close to the benchtop test rig 
instrumentation as possible.  In some cases, engine systems and geometry prevented replication 
of exact placement compared to test bench positions.  The general locations of instrumentation 
will be covered in the following sections for ease of reference and discussion of the results.  
All testing was performed in an engine dynamometer test cell equipped with an 800-hp engine 
dynamometer and a full-flow dilution tunnel.  The motoring-absorbing dynamometer can 
measure and map engine performance at variable speed and torque combinations. Intake air 
for the engine is provided by a combustion air system which controls temperature, relative 
humidity and pressure. Water was pumped through the aftercooler by the Cummins QSB.6.7 
engine raw water pump that serves to pump cooling water through the aftercooler.  The test 
cell allows tests in both steady-state and transient. The dynamometer and test components are 
connected to PC-based data acquisition and control hardware located in an adjacent control 
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room.  The aftercooler used was an air to water unit that was factory installed on the Cummins 
QSB.6.7 engine, as a standalone unit, it is identical to the aftercooler used for benchtop testing.  
The temperatures of each fluid, air and water, were measured at the inlet and outlet of the 
aftercooler. Those temperatures combined with a flowrate measurement of each fluid were 
used to calculate the heat transfer across the aftercooler. 
 A diagram of the aftercooler relevant test setup is shown on the below in Figure 16 below 
which is followed by Table 9 on the next page that summarizes the location, measurement, 
sensor type, and parameter variable corresponding to the labels shown in Figure 16. 
 
 






Table 10 - Table of Instrumentation, Engine 
Location Measurement Sensor Type Variable 
Intake Air Humidity Chilled Mirror Hygrometer ɸ 
  Flow Laminar Flow Element ∀̇𝑎  
Air Inlet Temperature Resistance Temperature Detector Ti,a 
  Pressure Absolute Pressure Transducer Pi,a 
    Differential Pressure Transducer (High) Phigh,a 
Air Outlet Temperature Resistance Temperature Detector To,a  
  Pressure Differential Pressure Transducer (Low) Plow,a  
Water Inlet Temperature  Resistance Temperature Detector  Ti,w 
  Pressure Absolute Pressure Transducer Pi,w 
   Differential Pressure Transducer (High) Phigh,w 
  Flow Liquid Turbine Flowmeter ?̇?𝑤  
Water Outlet Temperature Resistance Temperature Detector To,w   
  Pressure Differential Pressure Transducer (Low) Plow,w  
 
5.3.1 Data Acquisition System 
CAFEE used a Visual Basic based data acquisition and control hardware system used 
exclusively at the EERL to record signals and interface with measurement and control 
hardware. This system can integrate the signals from the following measurement devices: 
• RTDs, Pressure Transducers, Flow Meters 
o  Thermocouple/Analog Input IP/Modbus TCP Communication 
• Humidity Measurement: Edgetech Dewprime ii – RS 232 Serial Communication 
• Aftercooler Water Pump Speed (Flow) Control: Bardac OD-34100-US - Ethernet 
TCP Communication 
As tests were conducted, data was recorded at a 10 Hertz sampling rate. The data is shown in 
real time to the operator conducting the engine testing. Heat transfer calculations were 
conducted as a post processing operation using measured values of the relevant parameters.  
The same heat transfer calculation method that was used in the bench experiments were used 
on the engine.  
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5.4 Testing Procedure 
5.4.1 Target Conditions and Stability Criteria 
In order to minimize variability in test points, the engine was warmed up prior to the first test 
cycle. This ensures all engine test sets were started under the same conditions, i.e. oil and 
coolant temperatures.  The engine duty cycle was comprised of 10 modes, the first being a 
period of engine idle before moving into test point loading.  Ten-minute steady-state operation 
periods were used to ensure the inlet and outlet conditions were stable prior to the collection 
of data.  The CAFEE considered this steady-state period of operation appropriate to ensure the 
input parameters were within ±2% of its target value for at least 2 minutes as defined by Title 
40 of the Code of Federal Regulations (CFR), Part 1065.510(b)(2) “Engine Mapping.” [21] 
The duty cycles were programmed to record data for one minute following the stabilization 
period for each test point. 
5.4.2 Application of Material Coating 
The in-situ application of the surface coating was performed while the aftercooler was on the 
test stand. CAFEE personnel were responsible for removing the water inlet and outlet 
connections. All instrumentation was installed prior to or after the aftercooler inlet and outlet 
connections respectively, and thus were removed to ensure the coating did not influence the 
instrumentation measurements. The project sponsors personally connected their coating 




6 TEST MATRICES 
6.1 Introduction to Previous Test Points  
At the onset of the project a set of data points obtained from previous testing conducted on the 
same engine platform were provided by the project sponsor.  The data set provided contained 
30 discrete test points of the engine consisting of five different operating speed targets and six 
different engine loads at each speed. At each operating point, the following parameters 
pertaining to the aftercooler were provided: volumetric air flow through aftercooler, mass air 
flow through aftercooler, air temperature and pressure in and out of the aftercooler, water 
temperature in and out of the aftercooler, and water pressure at an unspecified location in the 
cooling circuit.  This set of previous data points was used as a general guideline for the design 
of systems to produce the input conditions for the benchtop test rig. 
6.2 Benchtop Testing Matrices 
6.2.1 Core 1 Test Matrix 
Five target test points were selected to be tested in the first round of experiments. The target 
conditions are shown on the next page in Table 10.  Testing of the first core occurred prior to 
the implementation of air and water inlet control systems.  As such, the values listed in Table 
10 for the columns, H2O in (°C) and Air in (°C) are not populated with control targets. 
Measurements were taken using these control targets on a single intercooler core. The core was 
tested in untreated and treated conditions to compare the difference in heat transfer in the two 
states and generate initial data for the project. Four trials of each test point were conducted in 







Table 11 - Core 1 Testing Control Targets 
Test ID H2O in (°C) Air in (°C) Air In (Psia) Water Flow (GPM) Air Flow (SCFM) 
HT-A - - 50 73 402 
HT-B - - 21 20 402 
HT-C - - 19 20 347 
HT-D - - 16 20 111 
HT-E - - 50 20 403 
 
6.2.2 Core 2 Test Matrix 
The second round of experiments introduced higher temperatures to the aftercooler assembly 
with the implementation of air and water inlet condition control. The target conditions are 
shown in Table 11. Before testing, the aftercooler core from the previous test was removed and 
replaced with a new core. In the same fashion as the first core, it was tested in an untreated 
state first and then again with the coating applied. Three trials of each test point at three 
different water inlet temperature set points were conducted for a total of 198 test points.  
Table 12 - Core 2 Testing Control Targets 
Test ID H2O in (°C) Air in (°C) Air In (psia) Water Flow (GPM) Air Flow (SCFM) 
HT-F 23.89, 29.44, 37.78 241.78 50.86 73 365 
HT-G 23.89, 29.44, 37.79 227.06 48.36 73 355 
HT-H 23.89, 29.44, 37.80 213.83 45.92 73 380 
HT-I 23.89, 29.44, 37.81 176 37.92 73 400 
HT-J 23.89, 29.44, 37.81 125.17 27.7 73 435 
HT-K 23.89, 29.44, 37.81 237.28 51.2 65.7 350 
HT-L 23.89, 29.44, 37.81 225.67 48.78 65.7 355 
HT-M 23.89, 29.44, 37.81 232.78 50.45 51.1 365 
HT-N 23.89, 29.44, 37.81 171.56 36.25 51.1 410 
HT-O 23.89, 29.44, 37.81 86.44 20.33 51.1 313.7 
HT-P 23.89, 29.44, 37.81 133 27.41 36.6 305.6 
 
6.2.3 Core 4 Test Matrix 
The third round of benchtop test rig testing was conducted on the fourth core using a reduced 
test matrix to focus testing on the higher load conditions across the aftercooler assembly. The 
third core was tested on the engine dynamometer. The target conditions are shown in Table 12 
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below.  Due to shifts in ambient conditions over the course of testing and limitations of the 
benchtop test rig water cooling loops, some test points were altered.  The corresponding tested 
test IDs were annotated with asterisks to differentiate them from the original testing control 
targets.   New cores were installed at the beginning of the experiments. A minimum of three 
trials were conducted at three different water temperatures for each of the nine test points 
recorded. There was a total of 162 test points recorded for the core four experiments.  
Table 13 - Core 4 Testing Control Targets 
Test ID H2O in (°C) 
Air in 
(°C) 
Air In (psia) Water Flow (GPM) Air Flow (SCFM) 
HT-F 26, 29, 37 241 50 73 363 
HT-H 26, 29, 37 213 45 73 380 
HT-I 26, 29, 37 176 37 73 400 
HT-J 26, 29, 37 176 37 66 400 
HT-K 26, 29, 37 237 51 66 350 
HT-M 26, 29, 37 232 50 51 365 
HT-N 26, 29, 37 171 36 51 410 
HT-F* 26, 29, 37 241 50 66 363 
HT-H* 26, 29, 37 213 45 66 380 
*Indicates Test Point used where flowrate varies. 
6.2.4 Core 5 Test Matrix 
The final round of benchtop test rig testing using core five was conducted using a test matrix 
similar to those used for previous cores. The target conditions are shown in Table 131 on the 
next page.  The intent was to keep test control targets for cores four and five the same to allow 
for a more direct comparison of the effects of different formulations of coatings applied to the 
aftercooler core. Due to shifts in ambient conditions and limitations of the benchtop rigs 
cooling loop some test points were altered.  New cores were installed at the beginning of each 
of the two experiments. A minimum of three trials were conducted at three different water 
temperatures for each of the nine test points recorded. There was a total of 85 points recorded 




Table 14 - Core 5 Testing Control Targets 
Test ID H2O in (°C) 
Air in 
(°C) 
Air In (psia) Water Flow (GPM) Air Flow (SCFM) 
HT-F 26, 37 241 50 73 363 
HT-H 26, 37 213 45 73 380 
HT-I 26, 37 176 37 73 400 
HT-J 26, 37 176 37 66 400 
HT-K 26, 37 237 51 66 350 
HT-M 26, 37 232 50 51 365 
HT-N 26, 37 171 36 51 410 
HT-F* 26, 37 241 50 66 363 
HT-H* 26, 37 213 45 66 380 
*Indicates Test Point used where flowrate or inlet water temperature varies.  
6.3 Engine Testing Matrix 
6.3.1 Core 3 Test Matrix 
Five test sets were selected to be tested for the engine testing portion of the experiments. Test 
sets comprised of varying water and intake air inlet temperatures.  The target conditions are 
shown on the below in Table 14. Measurements were taken using these control targets on a 
single intercooler core before and after being treated. Each test set was comprised of nine 
discrete test points where at minimum, three trials of each test set were conducted in the 
untreated and treated states for a total of 279 test points. 
Table 15 - Engine Testing Control Targets 
Test Sets H2O in (°C) Intake Air in (°C) 
1,6,11 29.4 21.1 
2,7,12 29.4 29.4 
3,8,13 43.3 29.4 
4,9,14 29.4 37.8 






7.1 Benchtop Results 
The results of the heat transfer measurements from the benchtop test rig will be presented here. 
The name of the test point is displayed on the farthest left column of the first table in each 
subsection.  Excluding Table 15 Core 1 Heat Transfer Averages, the next column indicates the 
benchtop testing control target value that corresponds to the value of the water temperature 
setpoint.  The columns labeled Average of Untreated/Treated Trials are the averages of three 
replicate trials for each test ID/water temperature setpoint testing combination. These were 
then subtracted from one another to show the change in heat transfer between the cores, and is 
shown in the next column, this difference was obtained by subtracting the value of the untreated 
average from the value of the treated average.  The last two columns show the percent 
difference and measurement uncertainty respectively, for each of their corresponding test sets.  
The next table in each section displays the results for calculated heat exchanger effectiveness 
of each core.  The name of the test point is displayed in the farthest left column, followed by 
the water temperature setpoint value.  The next two columns show the average untreated and 
treated heat exchanger effectiveness values.  These columns were then subtracted from one 
another to show changes in the heat exchanger effectiveness between untreated and treated 
aftercooler core.  The final column displays the percent difference between the two cases of 
heat exchanger effectiveness.  
7.1.1 Core 1 Results 
The maximum measurement uncertainty calculated for heat transfer averages of Core 1 is 
±2.02% of the calculated value.   Table 16 shows uncertainty results for each test point for core 
one in the right-hand column.  The test points associated with Table 12 were obtained prior to 
having a control method for inlet water and air temperatures. These values in addition to other 
recorded parameters for core one can be referenced in Appendices C and D for untreated results 
and treated results respectively.  Note that row 4, shows a change of heat transfer of zero, this 
is due to the number of significant figures reported in the final values.  From this test set of 
data, there would seem to be a general trend of positive change in heat transfer, four of five 
test points tested show positive changes in the reported value of heat transfer.  Note that 
46 
 
measurement uncertainties should be taken into consideration and are listed as fractional 
uncertainties, when viewed in terms of their absolute uncertainty, the reported values of 
average heat transfer rates coupled with their associated absolute measurement uncertainty 
have overlapping ranges of values within a 95% confidence interval based on a Student t-
distribution. 
















HT-A 10.41 10.61 0.2 1.87 1.12 
HT-B 11.54 11.86 0.32 2.73 2.02 
HT-C 9.57 9.84 0.26 2.71 1.23 
HT-D 12.06 12.06 0 -0.03 1.54 
HT-E 3.06 3.13 0.07 2.33 1.31 
 
Table 15 above shows the calculated average heat exchanger effectiveness for both untreated 
and treated states of the aftercooler core.  For this table, the average untreated data has been 
subtracted from the average treated data to show the change in heat exchanger effectiveness.  
Despite the general trend of positive change in heat transfer shown in Table 15, the values 
presented in Table 16 indicate that the effectiveness of the heat exchanger decreases after 
treatment.   













HT-A 0.987 0.985 -0.002 -0.190 
HT-B 0.980 0.975 -0.005 -0.506 
HT-C 0.984 0.979 -0.005 -0.510 
HT-D 0.982 0.978 -0.004 -0.390 
HT-E 0.973 0.974 0.001 0.110 
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7.1.2 Core 2 Results 
The maximum uncertainty calculated for heat transfer averages of Core 2 is ±7.364% of the 
calculated value.   Table 17 shows uncertainty results for each test point for Core 2 in the right-
hand column.  It should be noted that as the value of overall heat transfer decreases, the impact 
of measurement uncertainties from fixed sources like sensors becomes greater. Full tables of 
recorded parameters for the second core can be referenced in Appendices E and F. 


















23.89 42.88 42.61 -0.28 -0.64 1.47 
29.44 40.94 41.04 0.10 0.24 1.64 
37.78 38.61 39.29 0.67 1.73 1.22 
HT-G 
23.89 39.33 38.81 -0.52 -1.33 2.15 
29.44 37.9 37.44 -0.46 -1.21 1.77 
37.78 35.49 35.23 -0.27 -0.75 1.32 
HT-H 
23.89 39.14 39.51 0.37 0.95 2.17 
29.44 37.10 37.07 -0.03 -0.09 1.94 
37.78 34.63 34.74 0.10 0.29 2.42 
HT-I 
23.89 32.99 33.3 0.32 0.95 1.40 
29.44 31.44 31.08 -0.37 -1.18 3.89 
37.78 28.79 28.88 0.09 0.30 2.4 
HT-J 
23.89 23.55 23.84 0.30 1.24 2.99 
29.44 22.08 22.13 0.05 0.20 3.42 
37.78 19.85 20.00 0.15 0.74 1.97 
HT-K 
23.89 41.01 40.98 -0.03 -0.07 2.31 
29.44 39.32 39.36 0.04 0.11 1.98 
37.78 37.03 36.94 -0.10 -0.26 1.99 
HT-L 
23.89 39.12 39.13 0.02 0.05 3.12 
29.44 37.6 37.4 -0.20 -0.54 2.64 
37.78 35.17 34.84 -0.32 -0.93 1.4 
HT-M 
23.89 40.83 41.02 0.19 0.46 1.39 
29.44 39.35 39.00 -0.35 -0.88 1.24 
37.78 36.94 37.01 0.07 0.18 1.79 
HT-N 
23.89 32.54 32.96 0.42 1.28 1.43 
29.44 30.84 30.82 -0.02 -0.05 2.03 




















23.89 10.70 10.55 -0.15 -1.44 2.21 
29.44 9.57 9.56 -0.01 -0.10 7.36 
37.78 8.11 8.24 0.13 1.55 4.00 
HT-P 
23.89 17.89 18.02 0.14 0.77 2.43 
29.44 16.81 16.68 -0.13 -0.75 4.28 
37.78 15.19 15.09 -0.10 -0.67 2.75 
 
Table 18 shows the calculated average heat exchanger effectiveness for both untreated and 
treated states of the aftercooler core.  The calculated values for effectiveness for this data set 
are approaching unity to an extent that any remarks on variation between the untreated and 
treated state of the aftercooler core are obscured by the associated measurement uncertainty.  
The variation of results for overall heat transfer and heat exchanger effectiveness are so 
minimal that they are obscured by their corresponding measurement uncertainty.  




















23.89 0.9901 0.9902 0.0001 0.0100 
29.44 0.9908 0.9907 -0.0001 -0.0112 
37.78 0.9912 0.9907 -0.0004 -0.0431 
HT-G 
23.89 0.9890 0.9924 0.0034 0.3438 
29.44 0.9903 0.9915 0.0011 0.1154 
37.78 0.9910 0.9904 -0.0007 -0.0669 
HT-H 
23.89 0.9883 0.9890 0.0007 0.0662 
29.44 0.9907 0.9909 0.0002 0.0213 
37.78 0.9912 0.9902 -0.0010 -0.1030 
HT-I 
23.89 0.9877 0.9883 0.0006 0.0609 
29.44 0.9906 0.9914 0.0008 0.0827 
37.78 0.9907 0.9958 0.0052 0.5202 
HT-J 
23.89 0.9896 0.9903 0.0007 0.0676 
29.44 0.9897 0.9879 -0.0018 -0.1828 






















23.89 0.9888 0.9901 0.0013 0.1346 
29.44 0.9903 0.9927 0.0024 0.2408 
37.78 0.9910 0.9904 -0.0006 -0.0609 
HT-L 
23.89 0.9886 0.9882 -0.0005 -0.0476 
29.44 0.9902 0.9912 0.0009 0.0958 
37.78 0.9911 0.9937 0.0026 0.2622 
HT-M 
23.89 0.9874 0.9872 -0.0003 -0.0262 
29.44 0.9902 0.9882 -0.0019 -0.1953 
37.78 0.9901 0.9895 -0.0006 -0.0626 
HT-N 
23.89 0.9874 0.9878 0.0004 0.0448 
29.44 0.9883 0.9867 -0.0017 -0.1698 
37.78 0.9904 0.9888 -0.0017 -0.1707 
HT-O 
23.89 0.9902 0.9918 0.0016 0.1619 
29.44 0.9897 0.9876 -0.0021 -0.2076 
37.78 0.9953 1.0139 0.0185 1.8433 
HT-P 
23.89 0.9884 0.9887 0.0003 0.0257 
29.44 0.9886 0.9903 0.0016 0.1662 




7.1.3 Core 4 Results 
The maximum uncertainty calculated for heat transfer averages of the fourth core, third round 
of benchtop test rig testing is ±3.204% of the calculated value.   Table 19 shows the 
measurement uncertainty results for each test point for the fourth core in the right-hand column.  
Full tables of recorded parameters for the fourth can be referenced in Appendices G and H. 





















26 41.44 42.75 1.31 3.11 2.72 
29 41.75 41.85 0.11 0.25 2.70 
37 39.11 39.18 0.07 0.18 1.93 
HT-H 
26 37.36 38.5 1.14 3.00 1.43 
29 36.85 37.39 0.54 1.44 2.42 
37 34.39 35.34 0.95 2.73 2.48 
HT-I 
26 31.59 32.57 0.98 3.05 1.87 
29 30.86 31.77 0.91 2.90 1.66 
37 28.89 29.49 0.6 2.06 2.55 
HT-J 
26 32.31 32.5 0.19 0.59 1.26 
29 31.45 31.62 0.17 0.55 1.60 
37 29.02 29.35 0.33 1.13 1.63 
HT-K 
26 40.06 39.99 -0.07 -0.18 1.66 
29 39.67 39.44 -0.24 -0.60 2.10 
37 37.10 37.21 0.11 0.30 2.83 
HT-M 
26 39.93 40.96 1.03 2.54 2.93 
29 39.82 39.44 -0.38 -0.97 2.48 
37 37.25 37.21 -0.04 -0.11 2.69 
HT-N 
26 31.81 32.16 0.36 1.11 1.96 
29 30.95 31.23 0.28 0.89 2.69 
37 28.21 29.17 0.96 3.35 3.20 
 
Table 20 shows the calculated average heat exchanger effectiveness for both untreated and 
treated states of the aftercooler core.  The calculated values for effectiveness for this data set 
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are obscured by the associated measurement uncertainty, as such no definitive conclusion on 
variation between the untreated and treated state of the aftercooler core can be made from this 
data set.  It can be noted however, that the overall trend of the change in heat exchanger 
effectiveness is positive for this data set. 

























26 0.9816 0.9921 0.0105 1.0676 
29 0.9892 0.9925 0.0033 0.3294 
37 0.9922 0.9983 0.0061 0.6114 
HT-H 
26 0.9794 0.9897 0.0104 1.0519 
29 0.9838 0.9904 0.0066 0.6699 
37 0.9886 0.9955 0.0069 0.6952 
HT-I 
26 0.9761 0.9871 0.0110 1.1171 
29 0.9800 0.9885 0.0086 0.8730 
37 0.9860 0.9954 0.0094 0.9518 
HT-J 
26 0.9799 0.9869 0.0070 0.7079 
29 0.9855 0.9889 0.0033 0.3385 
37 0.9862 0.9957 0.0095 0.9603 
HT-K 
26 0.9810 0.9908 0.0097 0.9880 
29 0.9871 0.9912 0.0041 0.4170 
37 0.9900 0.9967 0.0067 0.6737 
HT-M 
26 0.9803 0.9899 0.0096 0.9736 
29 0.9867 0.9905 0.0038 0.3794 
37 0.9897 0.9965 0.0068 0.6813 
HT-N 
26 0.9773 0.9864 0.0091 0.9254 
29 0.9824 0.9878 0.0053 0.5413 





7.1.4 Core 5 Results 
The maximum uncertainty calculated for heat transfer averages of the fifth core is plus or minus 
4.131% of the calculated value.   Table 21 shows the measurement uncertainty results for each 
test point for the fifth core in the right-hand column.  Full tables of recorded parameters for 
this core’s testing can be referenced in Appendices I and J. 




















HT-F* 26 43.56 42.11 -1.45 -3.38 3.29 
HT-F 37 39.29 38.85 -0.43 -1.11 1.96 
HT-H* 26 39.74 37.94 -1.8 -4.64 3.69 
HT-H 37 34.91 34.29 -0.62 -1.80 2.76 
HT-I 37 29.59 28.62 -0.97 -3.33 2.99 
HT-J* 26 33.31 31.99 -1.32 -4.04 3.56 
HT-J 37 29.52 28.80 -0.72 -2.47 2.95 
HT-K* 26 41.39 40.93 -0.46 -1.13 3.22 
HT-K 37 36.89 37.32 0.43 1.16 2.62 
HT-M* 26 42.11 39.73 -2.38 -5.81 2.11 
HT-M 37 37.34 36.91 -0.43 -1.16 1.61 
HT-N* 26 33.06 30.90 -2.16 -6.77 4.13 
HT-N 37 28.92 27.86 -1.07 -3.76 3.11 
 
Table 22 shows the calculated average heat exchanger effectiveness for both untreated and 
treated states of the aftercooler core.  The calculated values for effectiveness for this data set 
are of a similar order of magnitude to the prior data sets and as such no definitive conclusion 
on variation between the untreated and treated state of the aftercooler core can be made from 
this data set.  It can be noted however, that contrary to the fourth core results the overall trend 




























HT-F* 26 0.9875 0.9853 -0.0022 -0.2196 
HT-F 37 0.9984 0.9939 -0.0044 -0.4453 
HT-H* 26 0.9880 0.9856 -0.0023 -0.2376 
HT-H 37 0.9973 0.9925 -0.0049 -0.4900 
HT-I 37 0.9986 0.9922 -0.0063 -0.6377 
HT-J* 26 0.9861 0.9835 -0.0026 -0.2642 
HT-J 37 0.9982 0.9913 -0.0069 -0.6955 
HT-K* 26 0.9880 0.9856 -0.0025 -0.2504 
HT-K 37 0.9964 0.9927 -0.0038 -0.3785 
HT-M* 26 0.9865 0.9843 -0.0023 -0.2286 
HT-M 37 0.9967 0.9919 -0.0048 -0.4835 
HT-N* 26 0.9834 0.9812 -0.0022 -0.2255 
HT-N 37 0.9972 0.9903 -0.0070 -0.7012 
 
 
7.2 Engine Results 
The results of the heat transfer measurements are shown in Table 23.  The name of the test 
point is displayed on the farthest left column of the table.  The next two columns indicate the 
engine testing control target value that corresponds to the value listed in each row.  The 
columns labeled Average of Untreated/Treated Trials are the averages of three replicate trials 
for each test point, water temperature setpoint, and intake air temperature testing combination. 
These were compared to each other to show the change in heat transfer between the cores in 
the next column, this difference was obtained by subtracting the value of the untreated average 
from the value of the treated average.  The last two columns show the percent difference and 
measurement uncertainty for each of their corresponding test sets.  
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7.2.1 Core 3 Results 
For most of the engine testing the values associated with measurement uncertainty are 
approximately 1 to 3.5%.  The maximum measurement uncertainty calculated for the 
measurements of the rate of heat transfer in the engine testing is ±53.636% of the calculated 
value. The values of measurement uncertainty at test IDs HT-Q and HT-R are much larger than 
the rest of the values.  This is due to the overall heat transfer at these points being relatively 
small paired with a fixed value of measurement uncertainty from the sensors used.  This fixed 
value from the sensors becomes less impactful as the value of heat transfers increases. 



























29.4 21.1 100.3 99.12 -1.18 -1.19 1.63 
29.4 29.4 102.62 101.2 -1.43 -1.4 1.63 
43.4 29.4 93.18 92.81 -0.38 -0.41 2.73 
29.4 37.8 104.42 103.81 -0.62 -0.59 1.13 
43.3 37.8 95.96 94.76 -1.2 -1.26 2.00 
HT-G 
29.4 21.1 89.39 88.43 -0.96 -1.08 1.59 
29.4 29.4 92.00 90.89 -1.11 -1.22 1.53 
43.4 29.4 83.16 82.84 -0.32 -0.38 1.41 
29.4 37.8 93.92 94.27 0.35 0.37 1.26 
43.3 37.8 86.36 85.61 -0.75 -0.87 1.45 
HT-H 
29.4 21.1 80.36 79.98 -0.38 -0.48 1.66 
29.4 29.4 81.51 81.47 -0.04 -0.05 1.77 
43.4 29.4 74.77 74.49 -0.28 -0.38 1.96 
29.4 37.8 81.76 82.85 1.10 1.33 1.11 
43.3 37.8 75.92 76.27 0.35 0.46 1.09 
HT-I 
29.4 21.1 55.25 54.16 -1.09 -1.99 1.96 
29.4 29.4 55.88 55.18 -0.70 -1.27 1.62 
43.4 29.4 49.13 48.63 -0.50 -1.02 3.12 
29.4 37.8 56.17 56.50 0.33 0.59 1.35 
43.3 37.8 50.33 50.32 -0.01 -0.02 1.68 
HT-J 
29.4 21.1 29.24 28.06 -1.18 -4.13 1.54 
29.4 29.4 29.99 29.42 -0.57 -1.92 1.89 
43.4 29.4 25.22 24.25 -0.96 -3.88 2.05 
29.4 37.8 30.49 30.84 0.34 1.12 4.39 
43.3 37.8 26.21 26.01 -0.20 -0.78 4.73 
HT-L 
29.4 21.1 84.20 83.40 -0.80 -0.96 1.65 
29.4 29.4 86.57 85.82 -0.74 -0.86 1.92 
43.4 29.4 78.83 77.93 -0.91 -1.16 1.40 
29.4 37.8 88.54 88.24 -0.31 -0.35 1.07 





























29.4 21.1 38.61 37.79 -0.82 -2.14 2.21 
29.4 29.4 39.56 38.91 -0.65 -1.66 1.59 
43.4 29.4 35.06 33.88 -1.18 -3.44 3.11 
29.4 37.8 39.97 39.92 -0.06 -0.14 2.00 
43.3 37.8 35.88 35.36 -0.52 -1.45 2.73 
HT-Q 
29.4 21.1 4.50 4.43 -0.07 -1.49 6.10 
29.4 29.4 5.10 5.06 -0.04 -0.68 5.48 
43.4 29.4 3.48 3.33 -0.15 -4.40 24.24 
29.4 37.8 5.65 5.75 0.10 1.78 6.53 
43.3 37.8 4.13 4.13 0.00 0.03 11.19 
HT-R 
29.4 21.1 0.90 0.91 0.00 0.39 30.67 
29.4 29.4 1.18 1.16 -0.02 -1.75 24.75 
43.4 29.4 0.46 0.44 -0.02 -3.92 53.64 
29.4 37.8 1.43 1.44 0.01 0.52 13.45 
43.3 37.8 0.75 0.73 -0.02 -2.46 24.14 
 
Table 24 shows the calculated average heat exchanger effectiveness for both untreated and 
treated states of the aftercooler core for engine testing.  The calculated values for effectiveness 
for this data set are of a similar order of magnitude to the prior data sets and as such no 
definitive conclusion on variation between the untreated and treated state of the aftercooler 
core can be made from this data set.  In this regard, the results obtained from engine testing 
reflect similar system response to benchtop testing.  




















29.4 21.1 0.9484 0.9501 0.0017 0.1804 
29.4 29.4 0.9517 0.9478 -0.0039 -0.4103 
43.4 29.4 0.9534 0.9490 -0.0044 -0.4641 
29.4 37.8 0.9589 0.9569 -0.0020 -0.2085 
43.3 37.8 0.9589 0.9586 -0.0003 -0.0339 
HT-G 
29.4 21.1 0.9497 0.9501 0.0004 0.0463 
29.4 29.4 0.9499 0.9488 -0.0012 -0.1230 
43.4 29.4 0.9524 0.9493 -0.0031 -0.3257 
29.4 37.8 0.9584 0.9550 -0.0034 -0.3590 
43.3 37.8 0.9602 0.9594 -0.0008 -0.0844 
HT-H 
29.4 21.1 0.9500 0.9488 -0.0012 -0.1272 
29.4 29.4 0.9523 0.9517 -0.0006 -0.0637 
43.4 29.4 0.9523 0.9511 -0.0013 -0.1351 
29.4 37.8 0.9590 0.9552 -0.0038 -0.3984 






















29.4 21.1 0.9558 0.9576 0.0018 0.1841 
29.4 29.4 0.9573 0.9553 -0.0020 -0.2089 
43.4 29.4 0.9573 0.9556 -0.0079 -0.1797 
29.4 37.8 0.9635 0.9602 -0.0063 -0.3419 
43.3 37.8 0.9665 0.9618 0.2855 -0.4858 
HT-J 
29.4 21.1 0.9580 0.9573 -0.0016 -0.0655 
29.4 29.4 0.9590 0.9592 -0.0042 0.0272 
43.4 29.4 0.9634 0.9566 -0.0082 -0.7116 
29.4 37.8 0.9648 0.9657 -0.0043 0.0948 
43.3 37.8 0.9699 0.9713 0.0188 0.1393 
HT-L 
29.4 21.1 0.9525 0.9514 -0.0011 -0.1195 
29.4 29.4 0.9525 0.9537 -0.0004 0.1220 
43.4 29.4 0.9541 0.9532 -0.0073 -0.0903 
29.4 37.8 0.9605 0.9557 -0.0060 -0.5032 
43.3 37.8 0.9617 0.9597 -0.0079 -0.2092 
HT-N 
29.4 21.1 0.9676 0.9647 -0.0035 -0.2940 
29.4 29.4 0.9683 0.9673 -0.0018 -0.1022 
43.4 29.4 0.9691 0.9681 -0.0068 -0.1029 
29.4 37.8 0.9749 0.9717 0.0066 -0.3236 
43.3 37.8 0.9652 0.9752 0.0363 1.0353 
HT-Q 
29.4 21.1 0.9389 0.9307 -0.0101 -0.8741 
29.4 29.4 0.9408 0.9396 0.0044 -0.1245 
43.4 29.4 0.9353 0.9450 -0.0016 1.0354 
29.4 37.8 0.9466 0.9391 -0.0244 -0.7963 
43.3 37.8 0.9635 0.9596 0.0772 -0.4053 
HT-R 
29.4 21.1 0.8824 0.8651 -0.0006 -1.9867 
29.4 29.4 0.8657 0.8888 0.0346 2.6334 
43.4 29.4 0.8542 0.8871 0.0144 3.7736 
29.4 37.8 0.8727 0.8351 -0.0383 -4.4046 











In conclusion, the CAFEE conducted experiments on both the bench top and engine test setups 
to characterize the rate of heat transfer produced by the aftercooler both before and after a 
surface coating was applied to the aftercooler core.  After reviewing the results of the 
experiments, no repeatable performance increase or decrease was observed with regards to the 
rate at which the aftercooler transferred heat from the hot air stream to the cold-water stream 
in the experiments conducted.  Through review of heat exchanger effectiveness, it can be 
observed that the aftercooler assembly selected for testing operated at near theoretical 
maximum prior to any form of treatment.  As a result, any attempt to measure an increase in 
effectiveness was obscured by the limitations of the measurement devices used and their 
corresponding measurement uncertainties. 
8.1 Summary of Benchtop Testing 
By inspecting the calculated values of heat transfer across the four cores tested on the benchtop 
test rig there are no observable, repeatable changes to the overall heat transfer rate between the 
untreated and treated aftercooler core states.  In almost all cases of recorded values any 
difference in calculated value of average heat transfer value were less than the discrepancy 
between those values when the associated measurement uncertainty was considered. 
8.2 Summary of Engine Testing 
By inspecting the calculated values of heat transfer from engine testing, there are no 
observable, repeatable changes to the overall heat transfer rate between the untreated and 
treated aftercooler core states.  In almost all cases of recorded values any difference in 
calculated value of average heat transfer value were less than the discrepancy between those 





Scope of project from initial proposal was completed. The results are not conclusive for 
determination of variation in heat transfer from the application of surface coating and 
subsequent testing given conditions of testing.  Given the operational capabilities of the 
benchtop test rig, it could prove far more telling if a less effective heat exchanger were selected 
for testing such that any variation in overall heat transfer would have a more discernable 
impact. 
An important disclaimer about the surface coating technology investigated is that it is reported 
to also act as anti-fouling agent when applied.  For the purposes of benchtop testing and to 
isolate the system for analysis of heat transfer, the water supply was lacking in components of 
fouling that may have been present if saltwater had been used.  The longest “soak” or “wetted” 
condition of any aftercooler was exposed to was no more than two weeks with intermittent use, 
utilizing a domestic fresh water source.  It may be possible in the future to make a claim of 
increased heat transfer as a result of anti-fouling properties derived from the coating.  This 
claim could be substantiated or tested through a form of resiliency testing in which untreated 
and treated aftercoolers could be subjected to longer wetted conditions in the presence of 
known fouling agents.  This may act as a better metric for simulating in-use conditions.  The 
presence of fouling leads to additional material required for energy to transfer between each of 
the fluid flows.  In the case of the aftercooler assembly and the range of temperatures tested 
the flowrate of the fluids was found to have a much stronger impact on the resultant value than 
any minor variation in inlet fluid temperatures.  The presence of fouling reduces cross sectional 







10.1 Appendix A: Benchtop Instrumentation Information 
 
Measurement Manufacturer and Model 
Air DP 50 in. H2O Viatran 276CKDE760 
Air Out RTD Temperature Omega PT100 - PRT14 
Water In RTD Temperature Omega PT100 - PRT14 
Water Out RTD Temperature Omega PT100 - PRT14 
Air In RTD Temperature Omega PT100 - PRT14 
Air AP 100 PSIA Keller 0208.00301.041303.02 
Water AP 100 PSIA Keller 0208.00301.041303.02 
Water DP 50 in. H2O Viatran 276CKDE760 
LFE - Air Flow Meriam 50MC2 8" 
LFE Temperature Omega PT100 - PRT14 
LFE DP 10 in. H2O HEISE PTE HQS-1 
LFE AP 20 PSIA HEISE PTE HQS-2 
Aftercooler Water Pump AMT 2763-95 
Aftercooler Water Pump VFD Bardac OD-34100-US 
Aftercooler Water Flow Meter Prosense FMM200-1002 
Dewpoint Edgetec DewPrime II 
Cooling Loop Pump AMT 2763-95 
Cooling Loop Pump VFD Automation Direct GS2 
Cooling Loop Thermocouple 1 Omega K Type 






10.2 Appendix B: Engine Instrumentation Information 
 
Measurement Manufacturer and Model 
Air DP 50 in. H2O Validyne P855D-1-26-2463 
Air Out RTD Temperature Omega PT100 - PRT14 
Water In RTD Temperature Omega PT100 - PRT14 
Water Out RTD Temperature Omega PT100 - PRT14 
Air In RTD Temperature Omega PT100 - PRT14 
Air AP 100 PSIA Omega PX612-030GV 
Water AP 100 PSIA Omega PX612-030GV 
Water DP 50 in. H2O Viatran 2746CCD 
LFE - Air Flow Meriam 50MC2 6" 
LFE Temperature Omega PT100 - PRT14 
LFE DP 10 in. H2O Omega PX654 
LFE AP 20 PSIA Sensotec FPA 
Aftercooler Water Pump Cummins WP97593 
Aftercooler Water Flow Meter Blancett 121-111 Meter with B3000 Monitor 
Dewpoint Edgetec DewPrime II 
Cooling Loop Thermocouple 1 Omega K Type 






















Air In (°C) 
Aftercooler 










H0004-006-97 HT-A 10.333 29 29.9 77.8 29.7 50.12 73.5 404 
H0004-006-70 HT-A 10.305 29.1 29.8 77.8 29.6 49.895 73.5 396 
H0004-006-78 HT-A 10.409 29.2 29.9 78.6 29.9 49.983 73.4 398 
H0004-006-85 HT-A 10.605 29.2 29.8 78.8 29.8 50.284 71 405 
H0004-006-73 HT-B 11.307 22.9 25.3 76.2 24.2 20.885 20.6 398 
H0004-006-88 HT-B 11.898 22.9 25.6 78.6 24.2 20.645 20.4 403 
H0004-006-80 HT-B 11.648 23.1 25.6 76.9 24.1 20.909 20.3 406 
H0004-006-101 HT-B 11.32 23.2 25.5 76 23.9 20.986 20.3 399 
H0004-006-87 HT-C 9.558 22.9 24.8 74.3 23.8 18.958 20.8 349 
H0004-006-90 HT-C 9.734 22.9 24.9 76.6 23.9 19.51 20.7 341 
H0004-006-102 HT-C 9.323 22.9 24.9 74 23.5 19.173 20.3 342 
H0004-006-83 HT-C 9.68 23 25.4 75.3 24 19.073 20.3 347 
H0004-006-89 HT-D 3.156 21.5 22.7 75.6 22.6 16.079 19.5 111 
H0004-006-91 HT-D 3.049 22.4 23.1 73.7 23.4 15.985 20.6 113 
H0004-006-94 HT-D 3.13 22.4 23.2 74.9 23.4 15.972 19.5 113 
H0004-006-103 HT-D 2.9 22.8 23.6 70.7 23.4 16.114 19.5 115 
H0004-006-79 HT-E 12.127 22.9 25.8 79.2 24.5 49.826 20.6 407 
H0004-006-86 HT-E 12.059 22.9 25.5 79.1 24.3 49.845 20.6 405 
H0004-006-92 HT-E 12.185 22.9 25.3 80.4 24.3 50.359 20.5 401 
























Air In (°C) 
Aftercooler 










H0004-006-105 HT-A 10.352 29 30 78.2 29.8 50.105 72.9 400 
H0004-006-109 HT-A 10.62 29.1 30 79.3 29.8 49.887 72.1 401 
H0004-006-120 HT-A 10.923 29 30 80.7 29.7 49.839 72.6 401 
H0004-006-121 HT-A 10.543 29.1 30 77 29.8 49.907 72.5 409 
H0004-006-106 HT-B 11.301 22.9 25.6 76.1 24.2 20.959 20.1 402 
H0004-006-115 HT-B 12.204 23 25.9 80.5 24.5 21.031 20.1 402 
H0004-006-118 HT-B 12.369 22.8 25.7 80.6 24.2 21.058 20 405 
H0004-006-124 HT-B 11.574 23.1 25.8 75.9 24.4 21.035 20.3 408 
H0004-006-107 HT-C 9.479 22.9 25.2 75.3 24 19.03 19.9 341 
H0004-006-113 HT-C 10.056 23.1 25.6 77.4 24.2 18.996 19.8 350 
H0004-006-119 HT-C 10.076 23 25.5 78.8 24.2 18.974 19.9 340 
H0004-006-126 HT-C 9.737 22.9 25.4 75 24 19.018 20 355 
H0004-006-108 HT-D 3.074 23 23.9 72.7 24.1 16.042 20.2 118 
H0004-006-111 HT-D 3.143 23.1 24.1 75.9 24.3 16.026 20 113 
H0004-006-114 HT-D 3.364 22.9 23.9 77.4 24.1 16.034 20.3 118 
H0004-006-127 HT-D 2.944 23.1 24.1 73.6 24.1 15.952 20.1 110 
H0004-006-104 HT-E 12.006 22.9 25.7 78.5 24.3 50.097 20.2 408 
H0004-006-110 HT-E 11.718 23.1 25.8 78.6 24.5 50.054 20.2 399 
H0004-006-117 HT-E 12.654 22.8 25.7 82.7 24.4 49.828 20.1 400 























Air In (°C) 
Aftercooler 







H0004-009-103 HT-F 42.74 23.9 27.0 241.8 26.4 72.9 361.0 
H0004-009-138 HT-F 43.06 24.1 27.3 241.9 26.3 73.2 360.5 
H0004-009-136 HT-F 42.85 24.2 27.3 241.9 26.3 73.0 359.7 
H0004-009-71 HT-F 40.84 29.4 32.2 241.7 31.4 73.0 358.0 
H0004-009-106 HT-F 40.77 29.4 32.2 241.6 31.6 73.1 359.6 
H0004-009-141 HT-F 41.20 29.5 32.3 241.9 31.0 73.3 363.0 
H0004-009-92 HT-F 38.80 37.4 39.9 241.6 39.2 72.9 361.7 
H0004-009-152 HT-F 38.46 37.4 39.9 241.8 39.3 73.1 363.7 
H0004-009-117 HT-F 38.58 37.5 39.9 241.8 39.3 73.6 361.2 
H0004-009-101 HT-G 39.58 23.8 26.7 227.3 26.1 73.0 358.2 
H0004-009-63 HT-G 38.80 23.9 26.8 227.2 26.2 73.1 350.4 
H0004-009-135 HT-G 39.60 24.2 27.1 227.2 26.3 73.0 358.2 
H0004-009-74 HT-G 38.29 29.3 31.9 227.1 31.4 73.5 360.9 
H0004-009-108 HT-G 37.56 29.4 32.0 227.3 31.5 73.1 355.9 
H0004-009-143 HT-G 37.84 29.4 32.0 227.3 30.9 73.1 358.8 
H0004-009-90 HT-G 35.60 37.4 39.6 227.1 39.0 72.9 357.3 
H0004-009-154 HT-G 35.48 37.4 39.7 227.2 39.3 73.0 361.7 
H0004-009-120 HT-G 35.39 37.6 39.7 227.1 39.2 73.3 357.0 
H0004-009-99 HT-H 39.40 23.9 26.7 213.9 26.0 72.9 381.9 
H0004-009-60 HT-H 39.05 24.0 26.8 214.1 26.1 73.1 376.8 
H0004-009-133 HT-H 38.96 24.2 27.1 214.0 26.6 73.0 381.9 
H0004-009-77 HT-H 37.13 29.3 31.9 214.3 31.3 73.3 374.9 
H0004-009-145 HT-H 37.00 29.4 31.9 214.1 30.8 73.2 377.0 
H0004-009-110 HT-H 37.18 29.5 32.0 214.1 31.3 73.0 377.5 
H0004-009-88 HT-H 34.85 37.4 39.5 214.3 38.7 73.1 374.6 
H0004-009-156 HT-H 34.25 37.5 39.6 214.4 39.2 73.7 375.4 
H0004-009-122 HT-I 34.80 37.5 39.7 214.1 39.2 73.3 377.6 
H0004-009-98 HT-I 33.06 23.8 26.3 176.7 25.6 73.0 399.4 
H0004-009-57 HT-I 33.09 23.9 26.3 176.4 25.7 73.2 400.0 
H0004-009-132 HT-I 32.81 24.2 26.6 176.9 26.2 73.0 401.4 
H0004-009-78 HT-I 31.79 29.3 31.5 176.5 31.0 73.2 404.5 
H0004-009-111 HT-I 31.59 29.4 31.6 176.9 31.1 72.9 403.1 
H0004-009-146 HT-I 30.95 29.4 31.5 176.8 30.2 73.1 395.4 
H0004-009-157 HT-I 28.42 37.4 39.1 176.6 38.9 73.6 396.9 
H0004-009-87 HT-I 29.25 37.4 39.1 176.4 38.5 73.1 402.1 
H0004-009-123 HT-I 28.70 37.6 39.3 176.5 38.9 73.2 397.2 
H0004-009-53 HT-J 23.65 23.9 25.7 125.5 25.1 73.0 429.4 
H0004-009-95 HT-J 23.64 24.0 25.8 125.3 25.0 73.0 431.0 
H0004-009-129 HT-J 23.34 24.2 25.9 125.2 25.2 73.1 430.6 
H0004-009-81 HT-J 22.06 29.3 30.8 125.6 30.3 73.2 429.9 
H0004-009-114 HT-J 22.28 29.4 30.9 125.6 30.4 73.0 436.1 
H0004-009-149 HT-J 21.90 29.4 30.9 125.6 30.4 73.3 432.7 
H0004-009-160 HT-J 19.53 37.3 38.4 125.8 38.1 72.9 429.6 
H0004-009-84 HT-J 20.13 37.4 38.4 125.5 37.8 73.3 436.1 
H0004-009-126 HT-J 19.90 37.6 38.6 125.5 38.2 73.2 435.2 
H0004-009-66 HT-K 40.83 23.8 27.1 237.3 26.3 65.6 351.5 
H0004-009-102 HT-K 41.10 23.8 27.2 237.4 26.3 65.8 354.1 
H0004-009-137 HT-K 41.08 24.2 27.5 237.6 26.4 65.9 352.0 
H0004-009-73 HT-K 39.77 29.4 32.5 237.3 31.5 65.7 356.3 
H0004-009-142 HT-K 39.19 29.4 32.4 237.4 31.1 65.6 352.7 
H0004-009-107 HT-K 38.99 29.5 32.5 237.4 31.7 65.6 351.6 
H0004-009-119 HT-K 37.01 37.4 40.0 237.3 39.1 65.6 353.6 
H0004-009-91 HT-K 37.33 37.4 40.1 237.3 39.1 65.7 355.4 
H0004-009-153 HT-K 36.75 37.5 40.1 237.3 39.4 65.6 355.8 




















Air In (°C) 
Aftercooler 







H0004-009-61 HT-L 38.50 23.9 27.1 225.8 26.2 65.8 350.4 
H0004-009-134 HT-L 39.51 24.2 27.5 225.9 26.5 65.9 360.9 
H0004-009-75 HT-L 38.05 29.3 32.2 225.8 31.4 65.6 361.2 
H0004-009-109 HT-L 37.32 29.4 32.3 226.1 31.5 65.5 355.8 
H0004-009-144 HT-L 37.42 29.4 32.3 226.0 30.9 65.9 357.5 
H0004-009-89 HT-L 35.48 37.4 39.9 225.9 39.0 65.4 358.5 
H0004-009-155 HT-L 34.94 37.5 39.9 225.8 39.3 65.8 359.3 
H0004-009-121 HT-L 35.09 37.6 40.0 225.8 39.2 65.7 356.5 
H0004-009-104 HT-M 40.95 23.8 27.9 232.8 26.5 51.1 361.3 
H0004-009-68 HT-M 40.83 23.8 27.9 232.8 26.5 51.1 359.6 
H0004-009-65 HT-M 41.56 23.9 28.1 232.8 26.6 51.3 366.2 
H0004-009-139 HT-M 41.19 24.0 28.2 232.9 26.4 51.0 360.4 
H0004-009-105 HT-M 39.20 29.3 33.1 232.8 31.5 51.3 360.1 
H0004-009-140 HT-M 39.50 29.3 33.1 232.8 31.0 51.2 362.4 
H0004-009-151 HT-M 36.88 37.2 40.6 233.0 39.2 51.6 363.8 
H0004-009-93 HT-M 37.07 37.3 40.8 232.8 39.2 51.3 361.7 
H0004-009-118 HT-M 36.88 37.6 41.0 232.9 39.5 51.2 361.6 
H0004-009-97 HT-N 33.07 23.9 27.2 172.3 25.7 51.1 411.7 
H0004-009-56 HT-N 32.39 23.9 27.2 172.2 25.8 51.0 402.4 
H0004-009-131 HT-N 32.15 24.2 27.5 172.4 26.2 51.2 405.5 
H0004-009-79 HT-N 30.92 29.4 32.3 172.3 31.1 51.1 405.8 
H0004-009-147 HT-N 30.77 29.4 32.3 172.5 30.9 51.2 407.6 
H0004-009-112 HT-N 30.82 29.4 32.4 172.2 31.1 51.2 406.6 
H0004-009-86 HT-N 28.58 37.3 39.8 172.6 38.3 51.1 403.4 
H0004-009-124 HT-N 28.23 37.5 40.0 172.2 38.8 51.2 402.5 
H0004-009-158 HT-N 27.95 37.5 39.9 172.2 38.9 51.3 403.7 
H0004-009-94 HT-O 10.82 23.6 24.9 86.9 24.3 51.0 316.5 
H0004-009-128 HT-O 10.67 23.6 24.9 86.9 24.1 50.8 314.2 
H0004-009-51 HT-O 10.63 23.9 25.2 87.1 24.5 51.2 310.5 
H0004-009-82 HT-O 9.60 29.2 30.2 87.1 29.8 51.1 312.1 
H0004-009-115 HT-O 9.70 29.3 30.3 87.2 29.9 51.1 316.5 
H0004-009-150 HT-O 9.41 29.4 30.3 87.0 30.0 51.2 311.4 
H0004-009-161 HT-O 8.10 37.3 37.8 87.1 37.4 51.1 315.4 
H0004-009-83 HT-O 8.09 37.4 37.9 87.0 37.7 51.4 313.1 
H0004-009-127 HT-O 8.13 37.5 38.0 87.2 37.7 51.1 314.5 
H0004-009-54 HT-P 17.91 23.9 26.6 133.3 25.2 36.8 302.8 
H0004-009-96 HT-P 17.90 24.0 26.6 133.4 25.2 36.5 302.7 
H0004-009-130 HT-P 17.85 24.1 26.9 133.2 25.4 36.1 305.9 
H0004-009-113 HT-P 16.81 29.3 31.7 133.4 30.5 36.7 305.3 
H0004-009-80 HT-P 16.91 29.3 31.8 133.2 30.7 36.5 306.9 
H0004-009-148 HT-P 16.70 29.4 31.7 133.4 30.4 36.7 305.2 
H0004-009-159 HT-P 15.25 37.2 39.1 133.3 38.2 36.7 309.6 
H0004-009-85 HT-P 15.38 37.4 39.3 133.4 37.9 36.7 305.9 























Air In (°C) 
Aftercooler 







H0004-010-45 HT-F 42.75 24.2 27.3 241.9 26.4 73.1 362.2 
H0004-010-12 HT-F 42.73 24.2 27.3 241.8 26.7 72.8 362.3 
H0004-010-103 HT-F 42.34 24.2 26.7 242.0 25.8 73.0 360.3 
H0004-010-79 HT-F 41.10 29.3 32.0 241.6 31.5 73.3 360.2 
H0004-010-46 HT-F 40.84 29.3 32.1 241.9 30.6 73.2 358.2 
H0004-010-13 HT-F 41.17 29.4 32.3 241.9 31.7 72.9 362.3 
H0004-010-57 HT-F 39.58 37.3 39.9 241.9 39.2 73.2 369.9 
H0004-010-90 HT-F 39.18 37.4 39.9 241.8 39.3 73.5 366.0 
H0004-010-24 HT-F 39.10 37.4 39.9 241.8 39.3 73.6 366.5 
H0004-010-09 HT-G 39.24 24.1 27.0 227.2 26.5 73.1 356.5 
H0004-010-101 HT-G 38.38 24.2 26.5 227.1 25.0 73.2 348.7 
H0004-010-16 HT-G 37.41 29.3 31.9 227.2 31.6 72.8 354.5 
H0004-010-105 HT-G 37.58 29.4 31.4 227.2 30.1 73.2 357.1 
H0004-010-49 HT-G 37.34 29.5 32.1 227.3 31.7 73.1 354.2 
H0004-010-27 HT-G 35.08 37.5 39.7 227.2 39.3 73.2 355.2 
H0004-010-60 HT-G 35.20 37.5 39.7 227.3 39.3 72.9 355.4 
H0004-010-93 HT-G 35.39 37.5 39.7 227.2 39.3 73.4 357.5 
H0004-010-40 HT-H 39.31 24.2 27.1 214.0 26.5 73.1 383.5 
H0004-010-07 HT-H 39.50 24.2 27.0 214.0 26.2 72.9 383.2 
H0004-010-73 HT-H 39.72 24.2 27.0 213.8 26.3 73.4 384.5 
H0004-010-18 HT-H 37.20 29.4 31.9 214.4 31.5 72.9 377.7 
H0004-010-107 HT-H 36.73 29.4 31.4 214.0 30.2 73.7 375.2 
H0004-010-51 HT-H 37.28 29.5 32.0 214.2 31.6 73.2 379.7 
H0004-010-95 HT-H 34.76 37.5 39.6 214.3 39.2 73.0 377.0 
H0004-010-62 HT-H 34.89 37.5 39.6 214.3 39.2 73.1 378.8 
H0004-010-29 HT-H 34.55 37.5 39.6 214.1 39.2 73.0 376.0 
H0004-010-72 HT-I 33.18 24.2 26.6 176.7 26.0 73.1 400.9 
H0004-010-06 HT-I 33.25 24.2 26.6 176.6 26.0 72.9 403.1 
H0004-010-39 HT-I 33.47 24.2 26.6 176.6 26.1 73.1 407.3 
H0004-010-19 HT-I 30.97 29.3 31.5 176.7 31.3 72.8 396.7 
H0004-010-108 HT-I 31.18 29.4 31.1 176.7 30.0 73.7 400.3 
H0004-010-111 HT-I 28.88 37.4 38.7 176.9 37.0 73.0 397.9 
H0004-010-96 HT-I 28.88 37.5 39.2 176.7 39.0 73.4 399.5 
H0004-010-69 HT-J 24.14 24.2 26.0 125.5 25.2 73.0 438.6 
H0004-010-36 HT-J 23.97 24.3 26.0 125.5 25.3 72.9 439.2 
H0004-010-03 HT-J 23.41 24.3 26.0 125.5 25.2 73.0 427.9 
H0004-010-88 HT-J 22.14 29.3 30.8 125.6 30.5 73.0 433.2 
H0004-010-22 HT-J 22.01 29.4 30.9 125.4 30.5 73.2 433.0 
H0004-010-55 HT-J 22.23 29.4 30.9 125.6 30.5 73.1 437.6 
H0004-010-99 HT-J 19.99 37.4 38.4 125.8 38.1 73.3 435.3 
H0004-010-66 HT-J 19.92 37.4 38.5 125.7 38.2 73.4 435.0 
H0004-010-113 HT-J 20.08 37.4 38.2 125.7 36.3 73.3 434.8 
H0004-010-44 HT-K 41.05 24.1 27.5 237.5 26.4 65.9 355.6 
H0004-010-77 HT-K 41.28 24.1 27.4 237.3 26.8 65.9 356.6 
H0004-010-102 HT-K 40.59 24.2 26.8 237.3 25.6 65.7 352.3 
H0004-010-104 HT-K 39.13 29.4 31.7 237.3 29.7 65.9 351.8 
H0004-010-47 HT-K 39.59 29.5 32.5 237.4 31.4 65.7 356.3 
H0004-010-14 HT-K 39.36 29.5 32.5 237.5 31.8 65.7 354.3 
H0004-010-25 HT-K 37.10 37.5 40.1 237.6 39.4 65.7 355.4 
H0004-010-91 HT-K 37.10 37.5 40.1 237.4 39.4 65.7 354.6 
H0004-010-58 HT-K 36.61 37.5 40.1 237.5 39.4 65.9 350.8 
H0004-010-08 HT-L 38.96 24.1 27.3 225.9 26.5 65.6 356.5 
H0004-010-74 HT-L 39.11 24.2 27.3 225.8 26.5 65.8 357.0 
H0004-010-41 HT-L 39.33 24.2 27.4 225.8 26.7 66.0 361.1 
H0004-010-17 HT-L 37.20 29.4 32.3 226.1 31.6 65.7 354.5 
H0004-010-106 HT-L 37.37 29.5 31.7 226.0 30.2 65.8 357.5 




















Air In (°C) 
Aftercooler 







H0004-010-94 HT-L 35.25 37.4 39.9 225.9 39.2 65.7 357.8 
H0004-010-110 HT-L 34.44 37.4 39.3 226.1 37.4 65.8 351.2 
H0004-010-28 HT-L 34.84 37.5 40.0 225.8 39.3 65.8 355.3 
H0004-010-43 HT-M 41.12 24.1 28.2 232.9 26.8 51.1 365.0 
H0004-010-10 HT-M 40.91 24.1 28.2 232.6 26.7 51.2 362.0 
H0004-010-76 HT-M 41.02 24.3 28.4 232.7 26.9 51.1 362.4 
H0004-010-48 HT-M 38.99 29.4 33.2 233.0 31.9 51.2 360.2 
H0004-010-15 HT-M 38.92 29.4 33.2 232.9 31.8 51.1 358.9 
H0004-010-81 HT-M 39.09 29.5 33.3 232.9 32.0 51.2 359.4 
H0004-010-59 HT-M 37.11 37.5 41.0 233.0 39.5 51.2 364.2 
H0004-010-26 HT-M 36.59 37.5 41.0 232.9 39.5 51.1 359.6 
H0004-010-92 HT-M 37.33 37.5 41.0 232.8 39.6 51.2 366.0 
H0004-010-71 HT-N 32.79 24.2 27.5 172.1 26.0 51.2 408.4 
H0004-010-05 HT-N 32.94 24.3 27.5 172.5 26.0 51.1 410.6 
H0004-010-38 HT-N 33.13 24.3 27.6 172.0 26.2 51.1 416.5 
H0004-010-20 HT-N 30.59 29.4 32.4 172.4 31.3 51.2 404.1 
H0004-010-53 HT-N 30.97 29.4 32.4 172.1 31.2 51.2 409.3 
H0004-010-86 HT-N 30.91 29.5 32.4 172.2 31.4 51.2 408.1 
H0004-010-97 HT-N 28.63 37.3 39.9 172.3 38.9 51.2 408.7 
H0004-010-64 HT-N 28.68 37.3 39.9 172.5 38.8 51.1 408.6 
H0004-010-31 HT-N 28.69 37.4 40.0 172.1 38.9 51.1 411.8 
H0004-010-35 HT-O 10.65 23.8 25.1 86.8 24.4 50.9 313.7 
H0004-010-68 HT-O 10.54 24.1 25.3 86.9 24.6 51.7 309.6 
H0004-010-02 HT-O 10.46 24.1 25.4 86.9 24.6 51.0 308.9 
H0004-010-23 HT-O 9.57 29.2 30.2 87.1 29.9 51.2 314.2 
H0004-010-56 HT-O 9.64 29.4 30.4 87.1 30.1 51.2 316.7 
H0004-010-89 HT-O 9.47 29.4 30.4 87.2 30.1 51.0 310.4 
H0004-010-100 HT-O 8.09 37.4 38.0 87.3 37.8 51.2 313.4 
H0004-010-114 HT-O 8.38 37.4 37.8 87.1 35.7 51.3 316.5 
H0004-010-04 HT-P 17.99 24.0 26.7 133.3 25.2 36.5 305.6 
H0004-010-70 HT-P 17.89 24.0 26.7 133.3 25.2 36.6 302.3 
H0004-010-37 HT-P 18.19 24.1 26.8 133.2 25.4 36.5 310.2 
H0004-010-21 HT-P 16.50 29.3 31.7 133.3 30.7 36.6 300.8 
H0004-010-109 HT-P 16.51 29.4 31.3 133.4 29.5 36.5 300.2 
H0004-010-87 HT-P 17.04 29.4 31.8 133.4 30.9 36.6 310.0 
H0004-010-32 HT-P 15.06 37.4 39.3 133.3 38.3 36.7 304.2 
H0004-010-98 HT-P 14.95 37.4 39.3 133.5 38.3 36.7 300.0 

























Air In (°C) 
Aftercooler 







0120-003-18 HT-F 22.78 100.0 27.6 35.6 221.0 55.6 1006.1 
0120-003-09 HT-F 22.63 102.6 27.9 36.2 234.8 56.2 991.7 
0120-003-20 HT-F 22.19 103.2 28.0 36.2 233.8 55.9 997.2 
0120-003-14 HT-F 21.68 104.7 28.1 36.7 246.7 56.7 979.3 
0120-003-08 HT-F 21.87 100.3 28.4 36.4 225.0 56.4 995.8 
0120-003-02 HT-F 21.35 102.0 28.7 36.7 232.6 57.9 991.0 
0120-003-05 HT-F 20.89 104.2 28.8 37.2 244.5 56.9 977.3 
0120-003-01 HT-F 21.31 96.7 35.2 42.6 224.6 57.4 993.7 
0120-003-29 HT-F 29.56 85.1 42.6 50.2 241.7 57.8 850.3 
0120-003-11 HT-F 29.12 94.0 42.7 50.1 232.9 57.2 976.3 
0120-003-16 HT-F 28.82 96.6 42.7 50.7 244.7 57.1 966.3 
0120-003-06 HT-F 28.17 95.1 42.8 50.6 244.4 57.3 954.5 
0120-003-03 HT-F 28.15 92.4 42.8 50.2 227.9 57.5 973.0 
0120-003-26 HT-F 27.29 85.4 43.6 50.8 230.9 57.7 889.1 
0120-003-32 HT-G 28.48 90.3 27.1 35.0 228.2 55.9 905.3 
0120-003-14 HT-G 28.52 94.3 27.7 35.7 232.0 56.3 947.3 
0120-003-18 HT-G 28.25 89.7 27.9 35.0 207.1 55.4 972.5 
0120-003-20 HT-G 27.19 92.3 27.9 35.3 218.9 55.7 961.9 
0120-003-09 HT-G 28.81 91.9 28.0 35.5 219.8 56.0 959.5 
0120-003-08 HT-G 29.11 89.3 28.1 35.2 208.8 56.1 962.9 
0120-003-02 HT-G 29.27 91.8 28.4 35.6 217.7 57.7 959.7 
0120-003-05 HT-G 29.16 93.5 28.5 36.3 230.3 56.7 943.0 
0120-003-01 HT-G 28.37 88.9 30.5 37.5 211.5 57.0 962.9 
0120-003-16 HT-G 29.23 86.6 42.1 49.2 231.0 57.1 930.6 
0120-003-29 HT-G 29.87 87.0 42.6 49.6 229.9 57.5 932.0 
0120-003-06 HT-G 29.26 85.5 42.7 49.8 230.7 57.3 922.2 
0120-003-26 HT-G 37.06 82.3 43.0 49.4 217.4 57.7 921.6 
0120-003-03 HT-G 38.00 83.0 43.0 49.4 216.7 57.5 935.3 
0120-003-11 HT-G 38.11 83.5 43.2 49.6 219.2 57.2 937.8 
0120-003-32 HT-H 37.86 82.4 27.2 34.1 212.4 55.8 895.2 
0120-003-20 HT-H 37.70 81.6 27.5 34.1 203.3 55.5 921.3 
0120-003-18 HT-H 37.98 80.5 27.7 34.1 194.6 55.2 935.9 
0120-003-14 HT-H 37.73 81.3 27.8 34.9 213.8 56.1 897.5 
0120-003-09 HT-H 37.24 81.1 27.8 34.5 205.4 55.9 916.3 
0120-003-02 HT-H 37.40 81.8 28.1 34.5 203.7 57.4 920.5 
0120-003-08 HT-H 37.96 79.8 28.1 34.5 196.4 56.0 923.9 
0120-003-05 HT-H 38.23 81.6 28.2 35.1 213.5 56.6 896.8 
0120-003-01 HT-H 38.15 80.4 29.3 35.7 198.6 56.7 930.6 
0120-003-11 HT-H 37.71 75.1 41.8 47.8 207.0 57.2 903.3 
0120-003-29 HT-H 37.82 76.8 42.4 48.6 215.1 57.3 889.2 
0120-003-06 HT-H 37.74 75.0 42.6 48.8 215.7 57.2 878.6 
0120-003-16 HT-H 37.92 75.9 42.8 48.9 214.9 57.0 888.3 
0120-003-03 HT-H 37.93 74.7 42.9 48.8 204.8 57.6 903.6 
0120-003-26 HT-H 37.61 74.5 43.0 48.7 205.2 57.7 896.0 
0120-003-32 HT-I 22.65 56.4 27.0 31.8 174.8 55.5 763.5 
0120-003-18 HT-I 21.29 55.5 27.0 31.6 159.9 55.0 805.1 
0120-003-20 HT-I 21.81 55.9 27.1 31.8 167.8 55.3 785.9 
0120-003-14 HT-I 21.23 55.7 27.4 32.1 176.1 55.8 764.8 
0120-003-05 HT-I 20.80 55.9 27.4 32.2 175.6 56.3 765.5 
0120-003-09 HT-I 21.22 55.6 27.5 32.0 168.5 55.7 784.6 
0120-003-02 HT-I 20.96 56.1 27.7 32.2 167.1 57.2 791.9 
0120-003-08 HT-I 20.59 54.9 28.0 32.5 161.2 55.8 798.8 
0120-003-01 HT-I 20.99 55.4 29.2 33.6 163.4 56.6 803.9 
0120-003-11 HT-I 29.47 49.5 41.4 45.5 169.6 57.1 766.6 
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0120-003-16 HT-I 30.20 49.8 42.2 46.5 175.4 57.0 751.5 
0120-003-29 HT-I 29.30 51.1 42.3 46.4 176.6 57.2 755.4 
0120-003-03 HT-I 29.46 49.7 42.4 46.5 168.4 57.5 769.7 
0120-003-26 HT-I 29.35 48.2 42.6 46.4 167.4 57.5 748.9 
0120-003-18 HT-J 29.38 0.2 0.1 116.6 31.6 30.3 110.6 
0120-003-32 HT-J 28.74 20.0 26.7 28.3 111.8 55.2 470.5 
0120-003-14 HT-J 29.30 30.4 26.9 29.7 132.7 55.6 586.5 
0120-003-08 HT-J 29.07 29.2 27.0 29.4 119.3 55.5 613.5 
0120-003-02 HT-J 29.98 30.0 27.3 29.7 124.9 57.0 604.1 
0120-003-05 HT-J 30.17 30.6 27.3 29.9 132.8 56.1 587.5 
0120-003-09 HT-J 29.78 29.8 27.5 30.0 126.0 55.6 601.2 
0120-003-20 HT-J 29.75 30.1 27.9 30.4 125.3 55.5 605.4 
0120-003-01 HT-J 29.99 29.4 28.3 30.8 121.0 56.3 615.8 
0120-003-16 HT-J 29.87 25.9 41.3 43.7 132.5 56.9 573.2 
0120-003-29 HT-J 29.86 19.8 41.4 42.9 118.4 57.0 515.7 
0120-003-06 HT-J 29.97 25.9 41.4 43.6 133.4 57.1 569.6 
0120-003-11 HT-J 38.41 25.3 41.9 44.2 126.9 57.0 588.9 
0120-003-26 HT-J 38.62 25.0 41.9 44.0 125.2 57.4 582.3 
0120-003-03 HT-J 38.59 25.3 42.5 44.4 126.0 57.4 586.6 
0120-003-32 HT-L 38.02 89.0 26.9 34.5 224.4 54.1 901.1 
0120-003-09 HT-L 38.47 86.8 27.6 34.9 217.1 54.0 913.8 
0120-003-14 HT-L 38.05 88.7 27.6 35.3 227.6 54.0 905.0 
0120-003-18 HT-L 38.87 84.9 27.8 34.7 204.4 54.1 928.5 
0120-003-20 HT-L 38.14 87.0 27.8 35.0 214.6 53.7 920.0 
0120-003-08 HT-L 37.83 84.0 28.0 34.9 205.8 54.1 916.8 
0120-003-05 HT-L 37.82 87.9 28.2 35.8 226.8 54.5 899.0 
0120-003-02 HT-L 38.30 85.9 28.3 35.3 212.2 55.4 914.9 
0120-003-01 HT-L 37.60 83.7 29.6 36.5 207.2 54.7 919.3 
0120-003-29 HT-L 37.22 81.7 42.0 48.8 225.7 55.3 884.4 
0120-003-26 HT-L 38.05 78.9 42.3 48.6 215.1 55.5 889.0 
0120-003-06 HT-L 38.12 80.7 42.5 49.5 228.0 55.3 878.3 
0120-003-11 HT-L 38.24 79.0 42.6 49.0 217.7 55.2 890.6 
0120-003-03 HT-L 38.01 78.6 42.6 49.1 214.7 55.9 890.1 
0120-003-16 HT-L 37.03 81.6 42.7 49.7 228.0 55.0 887.4 
0120-003-32 HT-N 21.26 40.1 26.9 30.8 168.5 49.3 558.8 
0120-003-18 HT-N 21.45 38.8 27.3 30.9 152.5 49.3 587.6 
0120-003-14 HT-N 20.95 40.0 27.4 31.3 169.6 49.3 566.4 
0120-003-20 HT-N 20.53 39.4 27.4 31.2 160.3 49.0 577.4 
0120-003-08 HT-N 21.17 38.5 27.6 31.2 154.0 49.3 580.6 
0120-003-09 HT-N 21.42 39.6 27.6 31.3 162.3 49.3 575.9 
0120-003-02 HT-N 20.81 39.6 27.7 31.3 160.5 50.6 577.5 
0120-003-01 HT-N 21.45 38.6 28.1 31.8 154.8 49.9 583.3 
0120-003-29 HT-N 21.35 36.0 41.3 44.7 170.6 50.8 546.5 
0120-003-26 HT-N 30.08 30.6 42.0 45.1 161.1 51.1 491.7 
0120-003-06 HT-N 30.06 35.3 42.0 45.5 171.8 50.8 542.0 
0120-003-11 HT-N 29.13 35.2 42.0 45.3 164.5 50.7 559.3 
0120-003-16 HT-N 29.25 35.8 42.2 45.4 169.6 50.8 550.2 
0120-003-03 HT-N 28.94 34.9 42.4 45.4 163.1 51.3 555.1 
0120-003-05 HT-N 29.05 32.6 45.2 56.6 172.1 52.4 530.9 
0120-003-32 HT-Q 29.51 5.6 26.1 26.8 80.0 41.7 212.0 
0120-003-18 HT-Q 29.72 4.6 26.5 27.2 66.7 41.6 225.6 
0120-003-20 HT-Q 29.30 5.1 26.5 27.1 72.8 41.3 224.0 
0120-003-09 HT-Q 29.50 5.1 26.6 27.4 73.5 41.6 222.6 
0120-003-14 HT-Q 29.62 5.7 26.6 27.3 80.0 41.6 222.3 
0120-003-05 HT-Q 29.88 5.6 26.8 27.5 79.9 42.0 219.6 
0120-003-02 HT-Q 29.73 5.0 27.0 27.5 72.2 42.6 222.7 
0120-003-08 HT-Q 29.50 4.5 27.1 27.7 66.8 41.7 222.3 
0120-003-01 HT-Q 29.63 4.5 27.8 28.3 67.4 42.1 224.9 
0120-003-11 HT-Q 29.72 3.6 41.4 42.0 74.7 42.9 217.5 
0120-003-29 HT-Q 29.73 4.2 41.5 41.8 81.2 43.1 212.6 
0120-003-06 HT-Q 29.77 4.1 41.7 42.0 81.6 43.1 211.9 




















Air In (°C) 
Aftercooler 







0120-003-03 HT-Q 39.67 3.4 42.1 42.6 74.1 43.4 215.4 
0120-003-26 HT-Q 38.50 3.5 42.1 42.3 74.0 43.2 210.0 
0120-003-14 HT-R 37.90 1.5 26.5 26.9 55.6 27.9 111.0 
0120-003-20 HT-R 38.19 1.2 26.7 27.0 50.0 27.9 112.2 
0120-003-09 HT-R 37.90 1.2 26.9 27.2 50.6 27.9 111.3 
0120-003-08 HT-R 38.09 0.9 27.0 27.3 44.8 27.9 111.2 
0120-003-05 HT-R 38.03 1.4 27.0 27.4 55.4 27.9 110.7 
0120-003-18 HT-R 37.80 1.0 27.1 27.2 45.1 28.0 112.5 
0120-003-02 HT-R 38.35 1.1 27.2 27.5 49.0 27.9 112.0 
0120-003-32 HT-R 38.39 1.4 27.3 27.6 57.0 28.1 103.0 
0120-003-01 HT-R 38.19 0.9 27.4 27.9 45.1 27.9 112.5 
0120-003-16 HT-R 37.84 0.8 40.6 40.7 55.6 28.2 109.6 
0120-003-11 HT-R 37.61 0.5 41.1 41.1 51.7 28.0 108.8 
0120-003-06 HT-R 37.61 0.7 41.6 41.7 57.1 28.1 106.8 
0120-003-26 HT-R 38.03 0.5 42.3 42.3 52.0 28.3 104.7 
0120-003-29 HT-R 38.01 0.7 42.6 42.7 58.0 28.1 105.5 

























Air In (°C) 
Aftercooler 







0120-004-16 HT-F 21.95 98.6 27.9 35.6 222.5 56.2 982.5 
0120-004-28 HT-F 37.09 104.1 28.0 36.4 242.5 57.2 980.5 
0120-004-23 HT-F 30.07 101.4 28.1 36.2 231.9 56.3 982.2 
0120-004-09 HT-F 29.63 100.6 28.1 37.6 228.5 48.6 987.3 
0120-004-30 HT-F 38.02 103.8 28.2 36.4 240.5 56.8 982.3 
0120-004-22 HT-F 21.72 99.5 28.2 35.8 219.9 56.7 996.8 
0120-004-08 HT-F 21.61 99.2 28.2 36.8 217.9 51.9 1001.1 
0120-004-20 HT-F 38.20 103.5 28.3 36.6 242.6 56.2 973.6 
0120-004-18 HT-F 29.16 101.6 28.3 36.2 230.1 56.9 987.2 
0120-004-29 HT-F 38.20 94.7 42.2 50.0 240.8 57.1 957.4 
0120-004-21 HT-F 37.46 94.1 42.3 51.1 240.2 52.1 953.0 
0120-004-19 HT-F 29.27 92.9 42.6 50.2 229.9 56.7 965.3 
0120-004-31 HT-F 38.34 95.5 42.6 50.4 241.1 56.7 961.6 
0120-004-24 HT-F 29.40 92.6 42.9 50.2 230.5 56.5 963.0 
0120-004-13 HT-F 30.45 93.0 43.0 50.2 230.9 57.2 967.3 
0120-004-16 HT-G 21.75 87.7 27.8 34.8 207.7 55.9 946.6 
0120-004-23 HT-G 30.01 91.0 28.0 35.2 217.6 56.0 948.9 
0120-004-28 HT-G 37.36 94.8 28.0 35.6 230.0 56.8 949.0 
0120-004-20 HT-G 37.81 93.3 28.0 35.8 228.1 55.8 941.3 
0120-004-22 HT-G 21.68 89.2 28.1 34.9 206.2 56.3 962.5 
0120-004-08 HT-G 21.45 88.3 28.2 35.8 203.8 51.7 962.1 
0120-004-09 HT-G 29.47 90.4 28.3 36.9 215.1 47.7 951.2 
0120-004-18 HT-G 29.31 91.3 28.3 35.5 216.2 56.7 952.3 
0120-004-30 HT-G 38.85 94.8 28.4 35.9 228.6 56.4 953.0 
0120-004-31 HT-G 38.17 86.2 42.2 50.0 228.7 49.6 925.9 
0120-004-21 HT-G 37.90 85.1 42.3 50.3 228.7 48.8 918.6 
0120-004-24 HT-G 29.75 82.8 42.6 50.0 217.8 49.6 927.0 
0120-004-19 HT-G 29.36 83.0 43.0 50.3 216.8 49.5 930.6 
0120-004-29 HT-G 37.34 85.5 43.1 50.7 228.0 50.4 925.3 
0120-004-13 HT-G 30.22 82.8 43.3 49.6 217.8 56.7 927.1 
0120-004-28 HT-H 38.04 83.2 27.3 34.1 213.9 56.5 904.6 
0120-004-18 HT-H 29.61 82.2 27.7 34.2 203.8 56.4 916.8 
0120-004-09 HT-H 29.25 81.0 27.8 35.8 202.5 47.2 912.5 
0120-004-20 HT-H 37.82 82.1 27.9 34.7 212.6 55.6 896.0 
0120-004-22 HT-H 21.22 80.3 27.9 34.1 194.2 56.1 926.7 
0120-004-16 HT-H 21.43 79.6 28.0 34.2 195.8 55.7 917.4 
0120-004-23 HT-H 29.46 81.3 28.1 34.5 204.0 55.8 910.9 
0120-004-08 HT-H 21.57 80.1 28.2 35.2 192.9 51.3 929.4 
0120-004-30 HT-H 38.31 83.3 28.5 35.2 213.3 56.2 904.8 
0120-004-29 HT-H 37.30 76.7 42.0 49.3 215.9 49.2 887.8 
0120-004-21 HT-H 37.95 75.8 42.2 49.6 215.4 48.3 880.7 
0120-004-31 HT-H 37.99 76.7 42.2 49.5 214.7 48.8 889.9 
0120-004-24 HT-H 30.03 74.4 42.2 49.0 206.3 48.7 891.3 
0120-004-13 HT-H 30.21 74.7 42.3 48.4 206.5 55.4 894.0 
0120-004-19 HT-H 29.41 74.4 42.5 49.5 205.2 48.9 895.6 
0120-004-28 HT-I 38.04 56.7 27.4 32.0 175.8 56.2 770.5 
0120-004-20 HT-I 38.57 55.2 27.5 32.1 174.1 55.4 759.0 
0120-004-16 HT-I 21.12 53.8 27.5 31.9 159.4 55.4 785.4 
0120-004-22 HT-I 21.01 54.1 27.6 31.9 158.6 55.9 789.0 
0120-004-23 HT-I 29.60 55.2 27.6 32.2 167.3 55.6 776.6 
0120-004-09 HT-I 29.43 55.1 27.6 33.1 166.2 46.8 777.5 
0120-004-18 HT-I 29.42 55.3 27.6 32.1 166.6 56.2 778.2 
0120-004-08 HT-I 21.54 54.6 27.8 32.7 158.4 50.8 796.6 
0120-004-30 HT-I 37.36 57.6 27.9 32.6 176.1 56.0 776.0 




















Air In (°C) 
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0120-004-21 HT-I 38.12 49.5 41.9 46.8 175.7 47.9 742.7 
0120-004-24 HT-I 29.74 49.0 41.9 46.7 168.3 48.2 759.6 
0120-004-29 HT-I 38.48 50.6 42.1 47.1 177.1 48.5 752.7 
0120-004-13 HT-I 29.99 48.5 42.2 46.6 168.1 49.9 754.8 
0120-004-19 HT-I 29.34 48.4 42.8 47.3 167.5 48.4 756.2 
0120-004-16 HT-J 20.68 27.5 26.9 29.2 117.3 55.1 586.1 
0120-004-30 HT-J 37.22 31.6 26.9 29.7 132.6 55.6 597.3 
0120-004-28 HT-J 38.24 31.1 26.9 29.7 133.1 56.0 591.8 
0120-004-22 HT-J 21.29 28.3 27.1 29.4 117.0 55.6 602.7 
0120-004-18 HT-J 29.55 29.4 27.1 29.6 124.0 55.9 594.0 
0120-004-20 HT-J 37.57 29.8 27.1 29.8 130.2 55.1 582.1 
0120-004-09 HT-J 29.61 29.3 27.2 30.2 123.7 46.5 594.2 
0120-004-23 HT-J 29.29 29.6 27.2 29.7 124.8 55.4 593.8 
0120-004-08 HT-J 21.19 28.4 27.6 30.3 116.6 50.0 606.3 
0120-004-31 HT-J 38.02 26.5 41.7 44.5 133.4 47.8 575.5 
0120-004-29 HT-J 37.18 26.3 42.1 45.0 133.1 48.0 577.5 
0120-004-13 HT-J 29.46 24.2 42.3 44.4 124.7 49.1 572.9 
0120-004-24 HT-J 29.54 24.3 42.4 44.6 124.7 47.7 576.3 
0120-004-21 HT-J 37.53 25.3 42.9 45.2 131.3 47.5 566.1 
0120-004-19 HT-J 29.39 24.2 43.2 45.5 124.5 48.0 575.4 
0120-004-18 HT-L 29.40 86.3 27.7 34.8 213.7 54.4 906.5 
0120-004-22 HT-L 21.30 84.1 27.7 34.5 203.6 54.1 915.3 
0120-004-09 HT-L 29.43 85.3 27.9 36.2 212.8 47.0 904.2 
0120-004-28 HT-L 38.13 88.3 28.0 35.4 225.5 54.5 903.2 
0120-004-16 HT-L 21.12 82.7 28.1 34.8 204.2 53.7 903.1 
0120-004-23 HT-L 29.43 85.9 28.2 35.3 214.6 53.9 905.0 
0120-004-30 HT-L 37.34 88.9 28.2 35.6 224.2 54.2 905.2 
0120-004-08 HT-L 21.44 83.4 28.3 35.8 202.0 49.1 914.5 
0120-004-20 HT-L 37.35 87.5 28.4 35.7 224.2 53.6 896.1 
0120-004-31 HT-L 38.11 80.8 41.7 49.7 226.0 47.7 876.2 
0120-004-29 HT-L 37.11 81.3 42.0 49.7 226.8 47.7 880.5 
0120-004-13 HT-L 29.87 77.7 42.2 49.5 216.0 48.7 877.4 
0120-004-21 HT-L 37.02 80.5 42.4 50.4 226.6 47.5 874.2 
0120-004-24 HT-L 29.55 78.1 42.5 49.7 215.8 47.7 879.9 
0120-004-19 HT-L 29.31 78.0 43.6 50.8 215.4 47.7 880.6 
0120-004-23 HT-N 29.96 38.8 27.1 30.8 160.3 49.1 566.2 
0120-004-22 HT-N 21.08 37.6 27.2 30.7 151.2 49.3 572.7 
0120-004-16 HT-N 20.82 37.8 27.2 30.8 152.5 49.0 572.9 
0120-004-09 HT-N 29.73 38.8 27.3 31.3 159.0 46.7 567.3 
0120-004-18 HT-N 29.73 39.1 27.4 31.1 160.0 49.7 569.2 
0120-004-20 HT-N 37.60 39.2 27.6 31.3 167.1 49.0 555.7 
0120-004-08 HT-N 21.16 38.0 27.6 31.2 150.9 47.7 576.2 
0120-004-30 HT-N 37.74 40.5 27.7 31.5 167.9 49.4 567.7 
0120-004-28 HT-N 37.90 40.1 27.7 31.6 168.3 49.8 566.4 
0120-004-31 HT-N 38.22 35.7 41.4 44.7 170.3 50.1 543.9 
0120-004-13 HT-N 29.65 33.7 41.4 44.6 161.9 50.7 541.4 
0120-004-21 HT-N 38.15 34.7 42.0 45.4 169.4 50.0 537.8 
0120-004-19 HT-N 29.73 34.0 42.2 45.5 162.0 50.4 547.2 
0120-004-24 HT-N 29.70 33.9 42.4 45.5 162.0 50.1 544.6 
0120-004-29 HT-N 38.75 35.7 42.6 45.9 171.1 50.3 546.4 
0120-004-30 HT-Q 37.77 5.8 26.2 27.0 79.5 41.7 223.5 
0120-004-22 HT-Q 21.44 4.5 26.5 27.2 66.2 41.7 223.0 
0120-004-16 HT-Q 21.33 4.4 26.5 27.2 66.6 41.6 217.0 
0120-004-20 HT-Q 38.04 5.6 26.7 27.5 79.0 41.6 220.6 
0120-004-28 HT-Q 37.79 5.8 26.7 27.5 80.0 42.2 223.2 
0120-004-08 HT-Q 21.57 4.5 26.8 27.4 66.0 42.1 223.9 
0120-004-09 HT-Q 29.37 5.0 26.9 27.7 72.0 41.8 221.5 
0120-004-18 HT-Q 29.42 5.1 27.0 27.8 72.2 42.2 223.2 
0120-004-23 HT-Q 29.69 5.1 27.2 27.8 73.1 41.6 221.8 
0120-004-31 HT-Q 38.15 4.2 41.1 41.9 81.6 42.8 213.6 
0120-004-29 HT-Q 37.72 4.2 41.4 41.8 81.0 43.0 216.1 
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0120-004-24 HT-Q 29.54 3.4 42.2 42.6 74.0 42.8 213.6 
0120-004-21 HT-Q 38.48 4.0 42.4 42.9 80.5 42.9 213.0 
0120-004-19 HT-Q 29.88 3.3 43.0 43.4 73.6 43.1 215.4 
0120-004-22 HT-R 21.35 0.9 26.9 27.1 44.8 28.0 112.4 
0120-004-30 HT-R 38.28 1.5 27.0 27.4 55.1 28.0 112.6 
0120-004-16 HT-R 21.12 0.9 27.1 27.4 44.9 28.0 110.6 
0120-004-20 HT-R 37.85 1.4 27.1 27.4 54.4 28.0 111.8 
0120-004-18 HT-R 29.01 1.2 27.2 27.4 49.1 28.1 113.3 
0120-004-23 HT-R 29.28 1.2 27.3 27.6 50.2 28.0 111.6 
0120-004-28 HT-R 38.27 1.4 27.4 27.8 54.9 28.1 112.0 
0120-004-08 HT-R 21.85 0.9 28.0 28.2 44.8 28.6 112.3 
0120-004-09 HT-R 29.29 1.1 28.5 28.6 49.5 28.7 111.4 
0120-004-19 HT-R 29.31 0.4 41.3 41.4 50.7 28.3 109.9 
0120-004-31 HT-R 37.76 0.8 41.6 41.8 57.7 28.2 105.8 
0120-004-13 HT-R 30.24 0.4 41.7 41.8 51.4 28.1 99.9 
0120-004-29 HT-R 37.48 0.7 41.7 41.9 55.8 28.2 109.1 
0120-004-21 HT-R 36.92 0.7 41.8 42.0 56.0 28.2 108.0 
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H0004-011-82 HT-F 41.41 26.0 28.3 238.8 30.1 73.4 405.9 
H0004-011-89 HT-F 41.59 26.2 28.6 239.8 30.5 73.1 406.4 
H0004-011-75 HT-F 41.31 26.2 28.6 239.4 29.5 73.3 402.6 
H0004-011-36 HT-F 41.51 28.9 31.3 239.4 30.9 73.3 407.3 
H0004-011-61 HT-F 42.02 29.0 31.5 239.6 31.7 72.8 413.2 
H0004-011-68 HT-F 41.71 29.0 31.4 239.1 31.0 72.6 409.9 
H0004-011-15 HT-F 41.89 29.2 31.7 239.4 31.7 73.0 412.5 
H0004-011-96 HT-F 39.09 36.9 39.3 239.9 38.5 73.4 396.8 
H0004-011-22 HT-F 38.65 37.0 39.4 240.2 38.8 73.3 392.4 
H0004-011-43 HT-F 39.58 37.0 39.4 239.5 38.3 73.2 402.2 
H0004-011-85 HT-H 36.98 25.9 28.0 212.3 30.3 73.6 417.4 
H0004-011-78 HT-H 37.53 25.9 28.1 213.4 29.8 73.2 419.8 
H0004-011-92 HT-H 37.57 26.1 28.3 212.1 29.4 72.9 422.3 
H0004-011-39 HT-H 37.24 28.8 31.0 213.3 31.5 73.0 420.7 
H0004-011-18 HT-H 36.71 29.0 31.2 212.3 31.5 73.6 417.2 
H0004-011-64 HT-H 36.62 29.0 31.2 212.9 32.8 73.0 417.7 
H0004-011-99 HT-H 34.37 37.0 39.1 212.0 39.0 72.6 408.0 
H0004-011-46 HT-H 34.54 37.0 39.2 212.4 38.8 73.4 408.7 
H0004-011-25 HT-H 34.26 37.1 39.2 212.6 39.3 73.7 406.3 
H0004-011-86 HT-I 31.22 25.7 27.5 176.6 29.9 73.3 439.7 
H0004-011-93 HT-I 32.10 25.9 27.7 178.0 29.2 72.9 445.6 
H0004-011-79 HT-I 31.45 26.2 28.0 176.6 29.7 73.2 442.5 
H0004-011-40 HT-I 31.28 28.8 30.6 176.8 31.4 72.7 444.6 
H0004-011-19 HT-I 30.91 28.9 30.7 176.8 31.4 73.3 439.3 
H0004-011-65 HT-I 30.38 29.0 30.8 177.2 32.9 73.1 435.0 
H0004-011-100 HT-I 28.95 36.9 38.7 177.6 38.9 72.6 431.3 
H0004-011-47 HT-I 29.08 37.0 38.8 176.9 38.7 73.4 434.9 
H0004-011-26 HT-I 28.63 37.0 38.9 177.3 39.3 73.3 428.5 
H0004-011-80 HT-J 31.53 26.1 28.0 177.5 30.0 66.2 441.5 
H0004-011-94 HT-J 32.04 26.2 28.1 178.3 29.4 65.7 444.5 
H0004-011-104 HT-J 32.87 26.2 28.1 177.1 28.0 65.6 455.9 
H0004-011-108 HT-J 32.00 26.2 28.1 175.3 28.1 66.4 449.6 
H0004-011-87 HT-J 30.81 26.2 28.2 176.4 30.4 66.3 436.1 
H0004-011-20 HT-J 30.78 28.9 30.9 177.1 31.7 65.9 437.2 
H0004-011-41 HT-J 31.53 28.9 30.9 178.2 31.5 66.1 443.9 
H0004-011-109 HT-J 31.15 28.9 30.9 176.6 30.7 66.3 441.3 
H0004-011-105 HT-J 31.68 29.0 31.0 177.9 30.6 66.0 444.3 
H0004-011-101 HT-J 29.21 37.0 38.9 178.7 38.9 66.0 431.3 
H0004-011-48 HT-J 29.06 37.0 38.9 176.6 38.7 66.2 435.5 
H0004-011-27 HT-J 28.80 37.0 39.1 178.2 39.2 65.9 428.1 
H0004-011-84 HT-K 39.67 26.1 28.7 235.7 30.6 66.2 395.9 
H0004-011-77 HT-K 40.37 26.1 28.7 235.8 29.9 66.0 401.3 
H0004-011-91 HT-K 40.14 26.2 28.9 235.7 29.8 66.2 399.1 
H0004-011-38 HT-K 39.51 28.8 31.3 236.8 31.4 66.4 393.8 
H0004-011-63 HT-K 39.69 29.0 31.6 236.0 32.2 66.2 398.7 
H0004-011-17 HT-K 39.81 29.0 31.6 236.1 31.1 66.0 397.5 
H0004-011-45 HT-K 37.22 37.0 39.5 236.0 38.8 66.1 386.1 
H0004-011-98 HT-K 37.16 37.0 39.5 236.6 39.0 66.1 384.6 
H0004-011-24 HT-K 36.90 37.1 39.7 236.8 39.4 65.9 382.4 
H0004-011-83 HT-M 39.76 26.1 29.4 231.4 30.4 51.2 405.2 
H0004-011-76 HT-M 39.99 26.1 29.4 231.9 30.0 51.1 405.6 
H0004-011-90 HT-M 40.05 26.2 29.5 231.4 30.1 51.3 407.4 
H0004-011-37 HT-M 39.56 28.7 32.0 231.1 31.3 51.5 405.4 
H0004-011-62 HT-M 39.91 28.9 32.2 230.9 32.1 51.3 411.1 
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H0004-011-16 HT-M 40.00 29.2 32.6 231.5 31.9 51.0 410.4 
H0004-011-44 HT-M 37.93 36.9 40.2 232.0 38.7 51.2 401.9 
H0004-011-97 HT-M 37.10 37.0 40.1 231.0 38.9 51.1 395.6 
H0004-011-23 HT-M 36.71 37.0 40.3 230.8 39.3 51.1 392.6 
H0004-011-107 HT-N 31.93 26.0 28.5 171.0 28.2 51.2 462.3 
H0004-011-81 HT-N 30.60 26.0 28.4 172.6 30.2 51.2 444.3 
H0004-011-88 HT-N 29.90 26.0 28.5 171.5 30.5 51.2 438.6 
H0004-011-95 HT-N 31.09 26.1 28.6 172.7 29.6 51.3 449.3 
H0004-011-103 HT-N 32.40 26.1 28.7 171.8 28.3 50.9 467.0 
H0004-011-42 HT-N 31.20 28.8 31.4 173.6 31.5 51.4 453.9 
H0004-011-106 HT-N 31.10 28.8 31.3 172.7 30.8 51.2 453.1 
H0004-011-110 HT-N 31.16 28.9 31.4 172.4 31.1 51.2 455.9 
H0004-011-21 HT-N 30.34 29.0 31.5 172.9 32.2 51.1 446.0 
H0004-011-102 HT-N 27.88 36.9 39.3 171.2 38.8 51.3 435.4 
H0004-011-49 HT-N 28.76 37.0 39.4 172.9 38.8 51.4 443.4 
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H0004-011-132 HT-F 42.02 26.2 28.3 238.4 27.7 72.7 408.1 
H0004-011-153 HT-F 43.40 26.2 28.4 239.8 27.7 72.9 418.3 
H0004-011-111 HT-F 42.82 26.3 28.5 239.7 28.2 73.5 414.1 
H0004-011-118 HT-F 42.08 28.9 31.1 239.3 30.6 73.1 412.4 
H0004-011-160 HT-F 42.28 29.0 31.2 240.3 30.8 73.1 412.6 
H0004-011-139 HT-F 41.21 29.1 31.2 239.5 30.3 73.1 403.0 
H0004-011-125 HT-F 39.10 37.0 39.2 239.6 37.4 73.0 395.3 
H0004-011-146 HT-F 39.58 37.0 39.2 239.8 36.8 73.2 398.5 
H0004-011-167 HT-F 38.85 37.0 39.2 239.3 37.8 73.3 394.3 
H0004-011-114 HT-H 38.36 26.0 27.9 212.9 28.0 72.9 426.1 
H0004-011-135 HT-H 38.56 26.0 28.0 211.2 27.8 72.6 432.1 
H0004-011-156 HT-H 38.58 26.2 28.2 212.3 28.2 73.1 430.5 
H0004-011-142 HT-H 37.81 28.9 30.9 212.0 30.5 72.9 428.0 
H0004-011-121 HT-H 36.97 28.9 30.8 213.3 30.7 72.9 416.1 
H0004-011-163 HT-H 37.38 29.0 30.9 211.8 30.9 73.0 424.4 
H0004-011-170 HT-H 35.49 37.0 39.0 211.6 38.0 73.3 420.0 
H0004-011-128 HT-H 35.20 37.0 39.0 212.6 37.9 72.8 413.9 
H0004-011-149 HT-H 35.33 37.0 39.1 212.4 37.4 72.8 414.8 
H0004-011-136 HT-I 32.62 25.8 27.5 177.9 27.7 72.7 448.5 
H0004-011-115 HT-I 32.49 26.0 27.6 178.0 27.9 72.7 447.2 
H0004-011-157 HT-I 32.61 26.0 27.7 176.3 28.1 73.0 454.7 
H0004-011-164 HT-I 31.78 28.8 30.5 178.1 30.8 73.0 445.7 
H0004-011-143 HT-I 31.70 28.8 30.5 178.2 30.5 72.8 443.4 
H0004-011-122 HT-I 31.82 28.9 30.5 178.3 30.5 72.9 444.6 
H0004-011-150 HT-I 29.48 37.0 38.7 178.2 37.3 72.8 432.1 
H0004-011-129 HT-I 29.38 37.0 38.7 178.5 37.9 72.9 431.7 
H0004-011-171 HT-I 29.60 37.0 38.7 178.2 37.7 73.2 435.3 
H0004-011-158 HT-J 32.68 25.8 27.7 176.2 28.0 65.8 455.6 
H0004-011-137 HT-J 32.41 25.9 27.7 177.5 27.7 65.9 447.0 
H0004-011-116 HT-J 32.41 26.1 27.9 177.9 28.1 66.0 446.9 
H0004-011-144 HT-J 31.57 28.9 30.7 177.4 30.4 65.9 443.8 
H0004-011-123 HT-J 31.55 28.9 30.8 177.6 30.6 66.0 443.4 
H0004-011-165 HT-J 31.75 29.0 30.9 178.1 30.8 66.1 445.4 
H0004-011-130 HT-J 29.35 37.0 38.8 178.0 37.8 66.2 432.4 
H0004-011-151 HT-J 29.38 37.0 38.9 178.1 37.3 65.9 430.9 
H0004-011-172 HT-J 29.32 37.0 38.9 176.7 37.7 65.5 435.9 
H0004-011-113 HT-K 39.81 26.0 28.2 235.5 28.1 65.8 392.8 
H0004-011-155 HT-K 40.32 26.0 28.2 234.8 27.9 65.7 399.0 
H0004-011-134 HT-K 39.84 26.2 28.4 234.7 27.9 66.4 394.2 
H0004-011-141 HT-K 39.23 28.8 31.1 236.0 30.5 65.6 390.7 
H0004-011-162 HT-K 39.77 28.8 31.1 236.4 30.7 66.1 395.6 
H0004-011-120 HT-K 39.31 29.0 31.3 235.7 30.8 66.1 392.8 
H0004-011-148 HT-K 37.57 37.0 39.4 236.8 37.2 66.1 385.2 
H0004-011-169 HT-K 37.07 37.0 39.3 236.4 37.9 66.3 382.0 
H0004-011-127 HT-K 36.98 37.0 39.3 236.7 37.9 66.2 380.5 
H0004-011-112 HT-M 41.18 25.9 29.0 229.7 28.2 51.1 418.7 
H0004-011-154 HT-M 41.48 25.9 29.0 231.3 27.9 51.0 417.9 
H0004-011-133 HT-M 40.21 26.0 29.0 229.9 27.9 50.9 407.9 
H0004-011-161 HT-M 40.21 28.7 31.8 230.6 30.8 51.1 412.3 
H0004-011-119 HT-M 40.09 28.8 31.9 230.4 30.8 51.0 411.5 
H0004-011-140 HT-M 39.34 28.9 31.9 230.7 30.6 51.1 402.8 
H0004-011-147 HT-M 37.71 36.9 40.0 231.7 37.1 51.1 396.9 
H0004-011-126 HT-M 37.25 37.0 40.0 230.8 37.9 50.9 395.3 
H0004-011-168 HT-M 37.23 37.0 40.0 231.6 38.0 51.2 393.7 
H0004-011-117 HT-N 31.93 26.0 28.3 172.5 28.0 51.0 456.8 
H0004-011-159 HT-N 32.09 26.0 28.4 171.8 28.1 51.0 461.8 
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H0004-011-145 HT-N 31.56 28.9 31.3 172.2 30.4 51.0 460.5 
H0004-011-124 HT-N 30.94 29.0 31.3 172.0 30.7 51.0 452.9 
H0004-011-166 HT-N 31.18 29.0 31.3 171.2 30.9 51.0 459.6 
H0004-011-152 HT-N 29.68 36.9 39.4 173.1 37.2 51.1 451.5 
H0004-011-173 HT-N 28.97 36.9 39.3 171.6 37.8 51.0 447.8 
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H0004-012-98 HT-F 43.99 25.9 28.7 240.4 28.9 65.8 425.2 
H0004-012-83 HT-F 43.71 26.0 28.9 239.7 28.3 66.0 422.9 
H0004-012-104 HT-F 42.97 26.2 29.0 240.3 28.9 66.2 415.7 
H0004-012-15 HT-F 38.78 37.0 39.4 239.9 37.2 73.6 391.3 
H0004-012-36 HT-F 39.87 37.0 39.4 239.8 37.5 73.6 403.0 
H0004-012-57 HT-F 39.55 37.0 39.4 239.9 37.3 73.5 399.0 
H0004-012-87 HT-H 39.73 25.9 28.5 211.4 28.0 66.3 445.2 
H0004-012-96 HT-H 39.39 25.9 28.5 212.4 28.3 65.4 439.5 
H0004-012-102 HT-H 39.66 26.2 28.8 211.2 28.5 65.5 446.0 
H0004-012-39 HT-H 34.98 37.0 39.2 212.7 37.7 73.0 410.6 
H0004-012-60 HT-H 34.71 37.0 39.2 213.3 37.5 73.3 405.4 
H0004-012-18 HT-H 35.26 37.1 39.3 213.0 37.3 73.2 412.1 
H0004-012-19 HT-I 29.56 36.9 38.9 178.0 37.0 73.2 433.0 
H0004-012-61 HT-I 29.46 37.0 38.8 178.2 37.3 73.2 431.9 
H0004-012-40 HT-I 29.57 37.1 38.9 178.4 37.2 72.9 432.7 
H0004-012-95 HT-J 33.17 25.9 28.1 176.9 28.1 65.4 460.6 
H0004-012-86 HT-J 33.67 25.9 28.2 177.7 27.9 66.4 464.3 
H0004-012-101 HT-J 33.10 26.2 28.4 176.4 28.4 65.9 462.1 
H0004-012-62 HT-J 29.34 37.0 39.1 177.8 37.4 65.6 431.6 
H0004-012-20 HT-J 29.58 37.0 39.2 178.2 37.2 66.1 433.2 
H0004-012-41 HT-J 29.37 37.0 39.1 177.7 37.3 65.8 432.0 
H0004-012-97 HT-K 41.49 25.9 28.6 235.9 28.6 65.6 409.7 
H0004-012-88 HT-K 40.91 25.9 28.6 235.0 28.2 66.2 405.0 
H0004-012-103 HT-K 41.30 26.2 28.9 236.1 28.7 65.2 407.5 
H0004-012-59 HT-K 36.85 36.9 39.5 235.8 37.7 66.0 380.5 
H0004-012-17 HT-K 36.56 37.1 39.7 236.5 37.7 65.8 376.2 
H0004-012-38 HT-K 36.79 37.1 39.7 235.7 37.9 66.1 380.5 
H0004-012-84 HT-M 42.02 26.0 29.7 230.7 28.6 50.9 425.8 
H0004-012-93 HT-M 42.10 26.0 29.5 231.4 28.9 50.7 425.9 
H0004-012-99 HT-M 42.21 26.2 30.0 230.9 29.0 51.0 428.4 
H0004-012-37 HT-M 38.41 37.0 40.4 231.8 37.9 51.1 405.7 
H0004-012-58 HT-M 37.53 37.0 40.5 231.2 37.6 51.0 396.7 
H0004-012-16 HT-M 36.85 37.0 40.5 231.5 37.6 51.1 389.2 
H0004-012-85 HT-N 33.55 26.0 28.9 173.1 28.3 50.7 479.0 
H0004-012-94 HT-N 33.08 26.0 28.8 173.6 28.4 50.7 471.1 
H0004-012-100 HT-N 32.55 26.2 29.1 173.4 28.8 50.7 465.2 
H0004-012-63 HT-N 28.85 36.9 39.6 172.3 37.5 50.9 442.5 
H0004-012-21 HT-N 29.10 37.0 39.7 171.8 37.2 51.0 446.9 
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H0004-013-06 HT-F 42.78 26.4 29.1 239.8 29.5 66.3 416.0 
H0004-013-39 HT-F 41.19 26.7 29.6 238.8 29.8 65.8 403.1 
H0004-013-26 HT-F 42.35 26.7 29.6 239.2 29.9 66.2 413.8 
H0004-013-27 HT-F 39.77 36.9 39.4 238.5 38.4 73.1 406.5 
H0004-013-14 HT-F 38.41 37.0 39.5 239.8 38.4 73.2 389.9 
H0004-013-40 HT-F 38.90 37.2 39.7 239.8 38.0 73.3 394.0 
H0004-013-07 HT-F 38.33 37.2 39.7 239.8 38.3 73.1 389.0 
H0004-013-04 HT-H 38.98 26.4 28.9 211.8 28.9 66.3 437.9 
H0004-013-37 HT-H 36.92 26.7 29.3 212.2 29.5 65.8 415.1 
H0004-013-24 HT-H 37.92 26.7 29.3 212.2 29.4 66.6 426.1 
H0004-013-10 HT-H 33.83 36.9 39.1 212.7 38.2 73.0 398.2 
H0004-013-30 HT-H 33.65 37.0 39.2 212.9 38.4 73.3 396.2 
H0004-013-43 HT-H 35.53 37.0 39.4 212.5 38.1 73.0 418.6 
H0004-013-17 HT-H 33.69 37.0 39.3 211.6 38.5 73.0 400.0 
H0004-013-11 HT-I 28.03 36.9 38.7 177.3 38.0 72.9 415.7 
H0004-013-44 HT-I 29.80 37.0 39.0 177.9 38.1 73.0 440.3 
H0004-013-31 HT-I 27.75 37.0 38.8 176.4 37.9 73.0 414.2 
H0004-013-18 HT-I 28.30 37.0 38.9 177.7 38.2 73.0 419.0 
H0004-013-03 HT-J 32.76 26.4 28.5 176.7 28.8 66.1 457.7 
H0004-013-23 HT-J 32.05 26.7 28.8 177.6 29.2 66.2 446.2 
H0004-013-36 HT-J 31.17 26.7 28.9 177.7 29.3 65.8 433.9 
H0004-013-12 HT-J 28.19 36.9 38.9 178.4 38.2 66.0 415.3 
H0004-013-45 HT-J 29.88 36.9 39.1 177.7 38.0 66.2 441.9 
H0004-013-32 HT-J 27.77 37.0 39.0 176.8 38.2 66.1 413.8 
H0004-013-19 HT-J 28.32 37.0 39.0 177.6 38.3 66.3 420.2 
H0004-013-05 HT-K 41.55 26.3 29.0 235.8 29.3 66.1 411.8 
H0004-013-38 HT-K 40.23 26.7 29.6 235.8 29.8 65.7 399.6 
H0004-013-25 HT-K 41.00 26.7 29.5 235.5 29.7 66.4 407.7 
H0004-013-09 HT-K 37.57 36.9 39.6 236.4 38.6 66.0 388.7 
H0004-013-16 HT-K 37.22 37.0 39.8 235.5 38.6 65.9 386.8 
H0004-013-29 HT-K 37.36 37.1 39.8 236.0 38.6 66.0 387.2 
H0004-013-42 HT-K 37.13 37.1 39.8 236.0 38.1 66.2 383.8 
H0004-013-01 HT-M 41.21 26.4 30.0 231.0 29.1 50.9 418.0 
H0004-013-34 HT-M 37.80 26.8 30.4 230.4 30.5 51.3 387.3 
H0004-013-21 HT-M 40.20 26.8 30.5 230.0 29.9 50.8 411.5 
H0004-013-08 HT-M 36.88 37.0 40.4 231.2 38.7 51.1 392.3 
H0004-013-15 HT-M 36.45 37.0 40.5 230.9 38.8 51.2 388.5 
H0004-013-28 HT-M 36.92 37.0 40.5 230.9 38.7 51.3 393.5 
H0004-013-41 HT-M 36.93 37.1 40.5 230.6 38.2 51.3 393.1 
H0004-013-02 HT-N 31.80 26.4 29.2 171.5 28.8 50.7 461.0 
H0004-013-35 HT-N 29.90 26.7 29.5 172.3 29.8 51.0 433.6 
H0004-013-22 HT-N 31.00 26.8 29.6 172.9 29.5 51.1 447.0 
H0004-013-46 HT-N 28.79 36.9 39.6 172.2 38.1 51.2 443.7 
H0004-013-13 HT-N 27.12 36.9 39.5 172.9 38.3 51.3 416.5 
H0004-013-20 HT-N 27.66 37.0 39.6 173.5 38.4 51.3 423.5 
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